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Abstract 
With new satellites of different Global Navigation Satellite Systems being launch every year in 
order to improve global positioning coverage, GNSS positioning is becoming a more and more 
used technique for various applications where position is needed. One of its abilities is to 
provide high accuracy and high precision coordinates in real-time with a very high positioning 
rate of 1 Hz or even 10 Hz. This is a very desired condition in monitoring projects, thus GNSS 
monitoring is becoming used more often in continuous monitoring applications. 
GNSS monitoring is usually done by applying differential GNSS techniques. Therefore, the 
purpose of this research was to evaluate and compare long term differential GNSS real-time 
positioning results obtained by using different GNSS and frequency combinations. Single- and 
dual-frequency real-time positioning of two, 51 and 13990 metre long baselines were 
computed several times using 14-day GNSS data sets from three GNSS receivers. These data 
sets included observations of GPS, GLONASS and BeiDou navigation satellite systems, which 
resulted in seven different GNSS combinations. Real-time positioning coordinate series of all 
combinations between seven GNSS combinations, two frequencies and two baseline lengths 
were then analysed and compared to one another. The thesis ends with discussion about the 
results of this analysis, which are presented through various plots, histograms and statistical 
indicators. Findings show differences in results when using each GNSS separately or in 
different combinations. As a standalone system GPS proved to be the most accurate, while 
the combination of all three GNSS gave the best numerical results. 
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Izvleček 
Vsako leto se izvede nekaj izstrelitev novih satelitov v različnih globalnih navigacijskih 
satelitskih sistemih (GNSS) z namenom izboljšanja globalne pokritosti z navigacijskim 
satelitskim signalom. To hkrati omogoča tudi, da določitev položaja z uporabo sistemov GNSS 
postaja vedno bolj uporabljana tehnika v različnih aplikacijah določitve položaja. GNSS 
omogoča določitev položaja visoke točnosti in natančnosti v realnem času z visoko hitrostjo 
izvajanja meritev in sicer 1 Hz ali celo 10 Hz. Ta lastnost je zelo zaželena pri projektih stalno 
potekajočega monitoringa, zato GNSS-monitoring postaja vedno bolj uporabljan pristop. 
GNSS-monitoring se običajno izvaja z uporabo tehnik diferencialnega GNSS. Tako je bil 
namen te raziskave ovrednotiti in primerjati rezultate določitve položaja v realnem času z 
uporabo tehnik diferencialnega GNSS ter podatkov opazovanj različnih kombinacij frekvenc in 
različnih sistemov GNSS. Za namen raziskave je bil nad 14-dnevnimi seti eno- in 
dvofrekvenčnih opazovanj GNSS, pridobljenih s treh GNSS-sprejemnikov, ki so tvorili dva, 51 
in 13 990 metrov dolga, bazna vektorja, izveden večkratni preračun določitev položaja v 
realnem času. Ti seti so vsebovali opazovanja GNSS sistemov GPS, GLONASS in BeiDou, 
med katerimi je bilo mogoče narediti sedem različnih kombinacij. Serije koordinat določitev 
položaja v realnem času, ki so bile izračunane na podlagi vseh kombinacij med sedmimi 
kombinacijami sistemov GNSS, opazovanji dveh frekvenc in dveh dolžin baznih vektorjev, so 
bile analizirane in primerjane med sabo. Naloga se zaključi z razpravo o rezultatih opravljene 
raziskave, ki so predstavljeni v obliki različnih grafičnih prikazov in statističnih indikatorjev. 
Ugotovitve pokažejo razliko v rezultatih ob uporabi različnih sistemov GNSS ločeno ali 
kombiniranja med njimi. Kot samostojen sistem se za najbolj točnega izkaže GPS, med-tem 
ko kombinacija vseh treh sistemov GNSS vrne najboljše numerične vrednosti rezultatov. 
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1 INTRODUCTION 
This chapter consists of section 1.1 which provides some background information and 
motivation for the work on this master thesis. Sections 1.2 and 1.3 present the research topic 
and research hypotheses, respectively. Finally in section 1.4 the structure of the whole thesis 
is introduced. 
 
1.1 Motivation 
The civilization of the 21st century created a very complex world, where manmade structures 
and natural phenomena are bound to coexist with each other, while providing a safe and 
comfortable environment for people’s everyday lives. For example, such structures are high 
rise buildings, bridges, canals, harbours, oil platforms, pipelines, mines, dams, factories, power 
plants, waste deposits and science or military facilities. Some sort of failure of these structures 
may endanger nearby settlements and nature. Also, natural phenomena such as unstable 
ground, every type of underground or surface water, landslides, possibly unstable hills and 
mountain slopes, tectonic faults or even volcanos may endanger previously listed structures 
and settlements. Therefore, a lot of these manmade or natural objects require periodical or 
even constant monitoring to track their anticipated and especially unanticipated movements or 
deformations, thus preventing possible accidents. 
The classical periodical monitoring approach used by surveyors was and still is the use of total 
stations to measure angles and distances between predetermined points on monitored objects. 
Levels can complement total stations for more precise height measurements. With further 
development in technology, new instruments and techniques are being used in periodical and 
constant monitoring. Such technologies are the automatisation of total stations, optical fibres, 
inclination sensors, laser scanning and radar interferometry. One of possible monitoring 
solutions especially applicable for constant monitoring of very large or long objects is the use 
of Global Navigation Satellite Systems (GNSS). GNSS in combination with ground antennas 
attached to stationary predetermined points on the previously mentioned structures can 
provide high rate real-time positioning solutions for monitored points, when integrated with 
GNSS receivers or monitoring software. With the use of capable software, modern computers 
and good infrastructure integrating all components, the rate of real-time positioning solutions 
for multiple monitored points can reach 1 second or even 0.1 seconds. Such high positioning 
rate currently cannot be achieved using total stations for networks consisting of multiple points. 
Of course, there are benefits and drawbacks in monitoring with total stations or with GNSS. 
For example, even though GNSS processing algorithms have developed greatly over the years 
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and there are more satellites from different GNSS available to track, total stations are still more 
reliable in accuracy and precision. However, the use of total stations requires a clean line of 
sight between points and usually the maximum distances between points cannot exceed a 
couple of kilometres, depending on the surveying equipment used. With GNSS monitoring 
there is no need for a clear line of sight between points and the distances between points can 
reach in excess of 10 kilometres, but there is the requirement of fairly open sky above all the 
GNSS monitored points. The bottom line is that every monitoring method has its benefits and 
drawbacks, therefore, it is up to the monitoring or surveying engineer to choose the most 
suitable approaches for a certain monitoring application. 
 
1.2 Research Topic 
The goal of this thesis was to compare real-time positioning results obtained by processing 
data from different GNSS in a method that is usually used for GNSS monitoring applications. 
Data from the three most known and currently most widely used GNSS were used for this 
analysis. These were American GPS (Global Positioning System), Russian GLONASS (rus. 
Globalnaya navigatsionnaya sputnikovaya sistema) and Chinese BeiDou Navigation Satellite 
System. Comparison was based on results of statistical analysis of several coordinate time 
series for an identical point. These coordinate time series were created by several 
computations of a long term real-time positioning solution, using the same data from different 
combinations of GNSS. The following combinations were used: 
i. GPS only, 
ii. GLONASS only, 
iii. BeiDou only, 
iv. GPS and GLONASS, 
v. GPS and BeiDou, 
vi. GLONASS and BeiDou and 
vii. GPS, GLONASS and BeiDou. 
For each of these combinations, coordinates were computed using a single-frequency solution 
and a dual-frequency solution and gathered in time series form. Additionally, analysis 
compared positioning results obtained by using two different lengths of baselines. 
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1.3 Research Hypotheses 
For pursuing the research part of this thesis, the following hypotheses were set: 
I. Shorter baselines give higher availability and more accurate real-time positioning 
results than longer baselines. 
II. Using dual-frequency GNSS observations gives higher availability and more accurate 
real-time positioning results than using single-frequency GNSS observations. 
III. Real-time positioning results are improving in terms of accuracy with the increasing 
number of different GNSS used for positioning. 
IV. In GNSS positioning, horizontal (2D) position is determined more accurately than 
height. 
Term availability is used here to describe how often positions with fixed ambiguities are 
available for GNSS positioning purposes. Detailed explanation of this term follows in 
section 5.1. 
 
1.4 Organisation of the Thesis 
This master thesis is divided into seven chapters. This chapter presents the motivation for the 
thesis with an overview of GNSS monitoring applications and its benefits. A short description 
of the conducted research and the research hypotheses are also given here. Chapter 2 
includes basic information about GPS, GLONASS, BeiDou and Galileo. It is also briefly 
explained how and why techniques of differential GNSS are used for real-time positioning. 
Equipment, hardware and software, location, time period and settings used for gathering and 
processing GNSS data are listed in chapter 3, along with reasoning. Steps for processing and 
analysing GNSS data are listed in chapter 4. Chapter 5 is where all the graphical and numerical 
results are presented and discussed. Based on the discussion from previous chapter, final 
conclusions regarding the research hypotheses are drawn in chapter 6. Chapter 7 contains an 
extended summary of the thesis in Slovenian language. The thesis finishes with the list of used 
references. At the end, appendices with tables containing full statistical results are included. 
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2 GNSS AND REAL-TIME POSITIONING 
Section 2.1 contains a general introduction about tasks, structure and functioning of GNSS. 
This is then followed by compact overviews of all GNSS existing and in use today. These 
GNSS are GPS, GLONASS, BeiDou and Galileo. The chapter finishes with section 2.2, where 
basic principles of real-time positioning using the approach of Differential GNSS (DGNSS) are 
presented. 
 
2.1 Global Navigation Satellite Systems 
As explained in [1], Global Navigation Satellite Systems has become a generic and unified 
term which covers different navigation satellite systems developed, deployed and maintained 
by various countries. The main tasks of GNSS are providing accurate positioning and time 
dissemination services simultaneously for unlimited users. This is achieved by a well thought 
out structure which is common for all GNSS. This structure consists of three segments [1]: 
• Space Segment: This segment is represented by multiple satellites in orbit around 
Earth. They provide ranging signals and data messages to the user equipment. This 
segment is also known as satellite constellation. 
• Control Segment: Control segment consists of several ground stations which track and 
maintain satellites in space. Therefore, this segment is also known as 
ground-control/monitoring network. Tasks of these stations are monitoring satellite 
health and signal integrity, maintaining orbital configuration of the satellites and 
updating satellites with the latest clock corrections, ephemerides and numerous other 
parameters which are needed to determine position, velocity and time of every GNSS 
user. 
• User Segment: Also known as user receiving equipment, this segment is the most 
diverse one. It covers all the hardware and software equipment from different 
manufacturers used to track, receive and also log satellite signals and data. With the 
use of these data, user receiving equipment performs positioning, timing or other 
related functions. 
From the user’s point of view all GNSS are passive systems, which is why an unlimited number 
of users can simultaneously use GNSS services. Passive system means that the user segment 
is just receiving signals and data from the space segment and is not transmitting anything back 
to the satellites. This means that the active parts of GNSS are space and control segments. 
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Satellites are transmitting signals to the user receiver equipment. Ground-control stations are 
transmitting updates and corrections to the satellites, whilst also receiving signals and data 
from the satellites [1]. 
Time keeping is done by extremely precise atomic clocks on board of each satellite and time 
correction updates from ground stations. Dissemination of accurate time among users is then 
achieved by broadcasting this data via signals sent from each satellite. The same signals are 
used for positioning services. GNSS positioning is based on similar principles as 
trilateration [2]. The receiver is considered as a point with unknown coordinates and satellites 
as points with known coordinates. Positions of the satellites are determined with the use of 
ephemerides, which are broadcasted by each satellite. The receiver then needs to receive 
current ephemerides and measure the distances to at least four satellites to compute the 
position. Three distances are needed to resolve all three coordinate unknowns and the fourth 
one to resolve the clock error of the receiver [3], [4]. 
2.1.1 Global Positioning System 
Global Positioning System is a GNSS owned by the government of The United States of 
America. The concept for GPS was initially laid out in 1973, after taking into consideration all 
the ideas and designs onwards from 1960s. The first GPS satellite was launched in 1978, in 
1993 Initial Operating Capability (IOC) was achieved and Full Operating Capability (FOC) was 
declared in 1995. Since then GPS always had full constellation of satellites therefore always 
sustaining FOC. Initially, GPS was intended only for military use, but very early in the 
development phase it was also approved for civilian use with some restrictions [1], [5], [6]. 
Table 2.1 lists main parameters of GPS taken from [2], [6] and [7]. 
Table 2.1: Basic parameters of GPS 
Number of satellites currently 31 (at least 24 by design) 
Number of orbital planes 6 equally spaced 
Orbit type Medium Earth Orbit (MEO) 
Orbital inclination 55.0° 
Orbit altitude 20 180 km 
Orbit period 11 h 58 min 
Revolutions per sidereal day 2 
Coding Code Division Multiple Access (CDMA) 
Frequency L1 1575.42 MHz 
Frequency L2 1227.60 MHz 
Frequency L5 1176.45 MHz 
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2.1.2 GLONASS 
GLONASS (rus. Globalnaya Navigatsionnaya Sputnikovaya Sistema) or GLO is the Russian 
GNSS. Soviet military initiated GLONASS program in mid 1970s, with first satellite being 
launched in 1982. After the fall of Soviet Union in 1990–1991 Russia became the new official 
owner of GLONASS and managing to reach IOC in 1993. The launches to complete the 
24-satellite constellation were in 1995 and this was also the year when GLONASS signals 
were made publicly available. FOC was reached for the first time in 1996, but soon after that 
some of the first satellites started to fail and by 2001 GLONASS constellation degraded to only 
six to eight satellites, which was far from FOC. Therefore, in 2001, the Russian government 
issued a decree, which enabled funding for restoration of GLONASS constellation. FOC of 
GLONASS was again established in 2011 [1], [8], [9]. 
Table 2.2 lists basic parameters of GLONASS taken from [2], [8], [9] and [10]. 
Table 2.2: Basic parameters of GLONASS 
Number of satellites currently 27 (24 active + 3 spares) 
Number of orbital planes 3 equally spaced 
Orbit type MEO 
Orbital inclination 64.8° 
Orbit altitude 19 100 km 
Orbit period 11 h 16 min 
Revolutions per sidereal day 17/8 
Coding Frequency Division Multiple Access (FDMA) 
Frequency L1 1602 MHz + n × 0.5625 MHz (n = −7, −6, −5, ... 0, ... 5, 6) 
Frequency L2 1246 MHz + n × 0.4375 MHz (n = −7, −6, −5, ... 0, ... 5, 6) 
 
2.1.3 BeiDou Navigation Satellite System 
BeiDou Navigation Satellite System, also known simply as BeiDou or BDS, is a Chinese 
navigation satellite system. Initial ideas and proposals for a Chinese navigation and time 
dissemination system go back as far as 1983. Also in the following years, some concepts were 
tested and demonstrated on communication satellites, but the project had a different name 
back then. The BeiDou program was officially established in 1994 and the first satellites were 
launched in 2000. BeiDou was already from the start intended for military and civilian use. 
Contrary to GPS and GLONASS, BeiDou was initially developed only as a Regional Navigation 
Satellite System (RNSS) under the name BeiDou-1. In 2011 IOC over whole Asia-Pacific 
region was declared for BeiDou-1. However, proposals and evolution towards global coverage 
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of the system under the name of BeiDou-2 started in 1997, but the approval from Chinese 
government and the initial deployment of the Chinese GNSS now simply known only as BeiDou 
came only in 2006. BeiDou is expected to reach FOC in 2020 [1], [11], [12]. 
Since BeiDou was initially developed as a RNSS, first satellites were launched in 
Geostationary Earth Orbit (GEO) and in Inclined Geosynchronous Orbit (IGSO). Now, when 
China is aiming for global BeiDou coverage, they are launching satellites also in MEO. 
Because BeiDou is still under development and construction, it is hard to find out how exactly 
the current constellation looks and to fully predict what will be the final one, especially because 
different sources give different indications. Table 2.3 represents the summary of what BeiDou 
constellation parameters should be in the future [13], [14]. 
Table 2.3: Probable basic parameters of BeiDou at FOC 
Number of satellites 
5 in GEO 
3 in IGSO 
27 in MEO (24 active + 3 spares) 
Number of orbital planes 
1 GEO 
3 IGSO 
3 equally spaced MEO 
Orbit type GEO, IGSO and MEO 
Orbital inclination 55.0° for IGSO and MEO 
Orbit altitude 
42 164 for GEO and IGSO 
27 878 km for MEO 
Orbit period 
24 h for GEO and IGSO 
12 h 38 min for MEO 
Revolutions per sidereal day 
1 for GEO and IGSO 
17/9 for MEO 
Coding CDMA 
Frequency B1 (treated as L1) 1561.098 MHz 
Frequency B1-2 1589.742 MHz 
Frequency B2 (treated as L2) 1207.140 MHz 
Frequency B3 1268.520 MHz 
 
2.1.4 Galileo 
In order to cut dependence on GPS, GLONASS and BeiDou the European Union (EU) is 
building its own GNSS under the name of Galileo. Initial ideas for Galileo go as far back as 
1990s, but the firm concept was set in 1999. Galileo has been planned as a civilian GNSS 
from the start offering full capabilities for both civilians and military. The first two Galileo 
experimental satellites were launched in 2005 and 2008. After testing phase was over 
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launches of additional Galileo satellites followed. The first satellite intended to be part of the 
operational system was launched in 2011. IOC was reached with 18 satellites in orbit in 
December of 2016. Galileo is currently expected to reach FOC with 30 satellites in orbit by 
2020 [15], [16], [17]. 
Table 2.4 presents planned basic parameters of Galileo taken from [15] and [17]. 
Table 2.4: Planned basic parameters of Galileo 
Number of satellites planned 30 (24 active + 6 spares) 
Number of orbital planes 3 equally spaced 
Orbit type MEO 
Orbital inclination 56.0° 
Orbit altitude 23 222 km 
Orbit period 14 h 
Revolutions per sidereal day 17/10 
Coding Code Division Multiple Access (CDMA) 
Frequency E1 (same as GPS L1) 1575.42 MHz 
Frequency E5a (same as GPS L5) 1176.45 MHz 
Frequency E5b 1191.795 MHz 
Frequency E6 1278.75 MHz 
 
 
2.2 Real-Time Positioning 
To achieve the main benefits of GNSS monitoring, such systems must strive to fulfil three 
conditions. The first two conditions are high sampling rate of GNSS observations combined 
with low latency of GNSS positioning results. This means that a position is computed in near 
real-time separately for each measured epoch for all monitored points. The third condition is 
high accuracy of GNSS positioning results, meaning that the computed positions are accurate 
to centimetre or even sub-centimetre level. Although there are already very capable receivers 
and several different GNSS available, the condition of high accuracy is still hard to fulfil. The 
reason for this is similar as in all surveying tasks, inaccuracies and even errors also occur in 
GNSS positioning which impair the measured values. These effects can be eliminated by the 
formation of code or phase differences. One approach to achieve this is using Differential 
GNSS (DGNSS) techniques for single baseline corrections. A GNSS reference station is 
installed temporarily or permanently on a known position, which is computing correction 
parameters and sending them in real-time to a GNSS rover like shown on Figure 2.1. Accuracy 
of computed GNSS rover position will be greatly improved in this way [18], [19]. 
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Figure 2.1: Principle of differential GNSS [18] 
According to [18] in GNSS surveying we distinguish between two types of errors: 
• Station-dependent Errors: These errors include the signal propagation caused by 
reflection, also called multipath, the antenna phase centre variations and the user 
equipment errors such as receiver noise and quasi random noise. 
• Distance-dependent Errors: The term 'distance' refers here to the distance between the 
reference station and rover. These errors consist of the orbital bias, for example 
insufficiently modelled orbit data in broadcast ephemerides, and errors induced by the 
diffraction of the GNSS signal in the different layers of the atmosphere. 
Station-dependent errors occur in different ways on reference stations and rovers, therefore 
they cannot be eliminated by DGNSS. Their effect can only be significantly reduced by the 
appropriate choice of location and receiver equipment itself. On the other hand, 
distance-dependent errors can be eliminated or at least significantly reduced by DGNSS [18]. 
When using DGNSS to improve positioning accuracy by reducing the effect of errors, one must 
be aware that this is done by taking into consideration the spatial correlation between 
distance-dependent errors. These errors have practically the same impact in terms of 
magnitude and algebraic sign on satellite signals received by reference station and rover, when 
these two are in direct vicinity. In such cases, we say there is positive correlation between 
errors, therefore they are eliminated as presented on the left side of Figure 2.2. As the distance 
between reference station and receiver gets longer, also decorrelation increases, therefore 
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distance-dependent errors get only partially eliminated, which results in decreased accuracy 
of GNSS measurements as shown on the right side of Figure 2.2 [18], [19]. 
 
Figure 2.2: Spatial correlation in DGNSS measurements [18] 
Dependent of which satellite signals get corrected by using DGNSS, we distinguish between: 
• Code-based Techniques: These are used when positioning of the rover is done with 
code pseudoranges and corresponding correction data from a reference station. Using 
phase smoothed code ranges, accuracies in the sub-metre level can be achieved. Due 
to historic reasons when this was one of the first error eliminating approaches, this 
technique is also named DGNSS after the main concept’s name [19], [20]. 
• Carrier-based Techniques: When higher accuracy in centimetre and sub-centimetre 
level of rover position is needed, then positioning mode with the additional use of 
corrections of the carrier phase measurements is used. This approach is known as 
Real-Time Kinematics (RTK) [21], [22]. 
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3 DATA ACQUISITION 
The chapter consists of two sections 3.1 and 3.2. First section describes measuring equipment 
and location where the data was gathered, along with the reasons for this specific location 
choice. It also gives an overview of the test setup configuration along with baseline lengths 
and point names, which will be used during following chapters of the thesis. The second section 
presents the duration of data gathering, logging settings of GNSS observations, file type used 
to store data, in order to enable possible repetition of this test with different data sets. 
 
3.1 Test Setup 
Quality GNSS observations equally representing GPS, GLONASS and BeiDou were crucial 
for a fair in depth analysis of real-time positioning for GNSS monitoring purposes. In addition, 
measuring points stability and the length of GNSS data gathering period were also very 
important to verify long term repeatability of real-time positioning results. Taking these 
requirements into consideration, suitable measuring equipment and location had to be chosen. 
 
3.1.1 Measuring Equipment 
All measuring hardware and software equipment for tracking, logging and processing GNSS 
observations was borrowed from Leica Geosystems AG. List of equipment consisted of: 
• Leica AR10 GNSS Antenna is a GNSS antenna with integrated radome [23], 
• Leica GR25 GNSS Reference Server is a GNSS receiver capable of multi-GNSS and 
multi-frequency tracking, logging and computing of GNSS observations, it can also be 
connected to, communicate with and stream data to a dedicated GNSS software [24], 
• Leica GMX910 Smart Antenna is a GNSS antenna developed for monitoring 
applications with integrated GNSS measurement chip, which is capable of multi-GNSS 
and multi-frequency tracking, it cannot log data, therefore it needs to be connected and 
stream data to a dedicated GNSS software [25], 
• Leica GNSS Spider Software is a software for centrally controlling and operating GNSS 
reference stations and networks, additionally it can also be used for various GNSS 
surveying, seismic and structural monitoring applications [26], 
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• Leica SpiderQC GNSS Data Analysis Software is a multi-purpose GNSS data analysis 
tool [27], 
• Leica Infinity Survey Software is a multi-purpose surveying software developed to 
tackle a broad range of surveying tasks [28], 
• All additional surveying accessories (such as antenna mounts and tripods), cables, 
power supplies and computers to connect everything together for successful data 
gathering. 
 
3.1.2 Location 
When choosing the location for this research, GPS and GLONASS were not the limiting factors 
since they provide global coverage. Location was chosen mostly based on the visibility of 
BeiDou satellites. This needed to be as high as possible for the whole period of data gathering. 
As the final location for setting up measuring equipment, the city of Wuhan in China was 
chosen. Reasons for this choice were: 
• although BeiDou already has some global coverage, it is currently still not adequate 
outside of Asia-Pacific region for the purpose of this research, 
• providing that BeiDou was initially developed and already has FOC as a Chinese 
RNSS, satellite geometry is probably the best over China and 
• in Wuhan, there is an office of Chinese distributor for Leica Geosystems AG, who was 
willing to provide measuring equipment and IT support for the duration of data 
gathering. 
Setup for gathering GNSS observations consisted of three points equipped with measuring 
equipment for GNSS surveying: 
• point WH25 was considered as a reference station, equipped with Leica AR10 antenna 
and connected to Leica GR25 receiver, 
• point WH91 was considered as a monitoring rover point and equipped with Leica 
GMX910 antenna, 
• point QX91 had an identical role and equipment configuration as point WH91 [29]. 
Leica GR25 receiver and both Leica GMX910 antennas were connected to Leica GNSS Spider 
software. This software was used to configure GNSS tracking settings on all three setups and 
to log GNSS observations in files. 
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Baseline lengths between reference station point WH25 and monitoring rover points were: 
• 51 metres to point WH91 and 
• 13990 metres to point QX91. 
Points WH25 and WH91 were located on the premises of China’s Leica Geosystems AG 
distributor. There they have some concrete pillars and antenna racks available on which they 
mounted both antennas, thus ensuring long-term stability of both antenna setups. Since one 
of the research goals of this thesis was to have two very different baseline lengths, the second 
monitoring antenna was set up on a rooftop of another building in the Wuhan city area. 
Appropriate and accessible rooftop with as good as possible 360° visibility of the sky was 
chosen to setup the second monitoring rover point QX91. Unfortunately, there were no 
dedicated mounting structures available there, therefore, the antenna was set up on a tripod 
as can be seen in Figure 3.1. The tripod was weighted down with a hanging stone and the legs 
were glued to the rooftop’s concrete plates with glass cement [29]. All these precautions were 
taken to ensure long-term stability of the tripod mounted antenna during GNSS data collection. 
 
Figure 3.1: Measuring set up and location of monitoring rover point QX91 [29] 
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3.2 Data Gathering and Logging 
After some initial issues with finding a suitable location for point QX91, measuring setup was 
finalized and data gathering was started at all points on 13/06/2016 and ran until 05/07/2016. 
As described in section 3.1.2 measuring equipment at all points was connected to Leica GNSS 
Spider software to configure GNSS tracking settings at both Leica GMX910 antenna and Leica 
GR25 receiver and to log GNSS data. Raw GNSS observations are usually logged in RINEX 
(Receiver Independent Exchange format) files. For GNSS observations collected for this 
research, RINEX 3.02 file format [30] was used. GNSS tracking and logging parameters were 
set up as follows: 
• tracking: GPS (L1, L2C, L2P, L5), GLONASS (L1, L2C, L2P) and BeiDou (B1, B2) 
• cut-off angle: 0° 
• logging interval: 1 second 
• file length: 1 hour 
• files logged: mixed GNSS observation file and separate navigation files 
Due to quite frequent interruptions of connection in communication between both rover 
antennas and computers and power supply troubles at both monitoring rover points, the first 
week of GNSS observations was not useful as there were too many data gaps. Therefore, only 
data from 00:00:00 UTC on 21/06/2016 to 01:59:59 UTC on 05/07/2016 from all three points 
was used for all the computations. This resulted in a data span of 14 days and 2 hours, or 
338 hours. With no data gaps present in GNSS observations this should sum up to 1’216’800 
epochs of collected data. 
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4 DATA PROCESSING AND ANALYSIS 
This chapter describes the approaches used for processing and analysing data. It starts with 
section 4.1 where computation steps and values of reference coordinates for points WH25, 
WH91 and QX91 are presented. The middle section 4.2 describes how computation of 
real-time positioning with reprocessing of gathered GNSS data was done and how the real-time 
positioning results were logged. A description of analysis process of real-time positioning 
results is given in final section 4.3. 
 
4.1 Computation of Reference Coordinates 
Reference coordinates of all three points were needed for computation of real-time positioning 
and for later analysis of real-time positioning coordinates. For computation of reference 
coordinates only GPS observations of L1 and L2 frequencies covering the whole 14 days of 
data gathering period were used. This decision was made, because GPS is a GNSS with the 
longest and most consistent operating history. Furthermore, GNSS observations were also 
resampled from 1 second to 30 second logging interval, since this is enough for computation 
of reference coordinates. Filtering out GLONASS and BeiDou observations and resampling 
GPS observations to 30 second logging interval was done with GFZRNX toolbox for RINEX-2 
to RINEX-3 and vice versa file conversion and manipulation [31]. Resampled GPS 
observations were written in RINEX 2.11 format [32] files. To obtain the best possible accuracy 
of reference coordinates, precise ephemerides from the International GNSS Service (IGS) [33] 
community were used instead of logged broadcast ephemerides. 
 
4.1.1 Reference Site WH25 
Coordinates for reference point WH25 were computed from a network of surrounding IGS 
stations. Computation was done with Bernese GNSS Software [34] using adjustment 
computation [35]. Only IGS stations which were close enough to Wuhan and have their 
coordinates computed in ITRF2008 (International Terrestrial Reference System, realization 
2008) were chosen as suitable [36]. The reference epoch for computation was the mean epoch 
of the observation period [35]. IGS stations used for computation were Lhasa (LHAZ), Urumqi 
(URUM), Ulaanbataar – Zuunmod (ULAB), Changchun (CHAN), Beijing (BJFS), Daejeon 
(DAEJ), Aira (AIRA), Tanegashima Island – GUTS-SLR Station (GMSD), Hsinchu (TNML), 
Taoyuan (TWTF) and Quezon I (PIMO). Locations of these stations are shown in Figure 4.1. 
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Figure 4.1: IGS stations in ITRF2008 around Wuhan 
Final coordinates for point WH25 in ITRF2008 (mean epoch of observation period) are 
presented in Cartesian form in Table 4.1. 
Table 4.1: ITRF2008 coordinates for point WH25 in Cartesian form [35] 
X [m] Y [m] Z [m] 
-2273389.3306 5011335.3596 3213958.8160 
 
4.1.2 Monitoring Rover Sites WH91 and QX91 
Reference coordinates of monitoring rover sites, points WH91 and QX91, were computed with 
Leica Infinity software. For each point 14 daily coordinate solutions using a single baseline 
approach were computed. Reference coordinates of point WH25 were taken as a user defined 
reference for these computations. Reference coordinates for both points were then computed 
as a mean value of all 14 daily solutions. Coordinates are given in ITRF2008 and presented in 
Cartesian and UTM (Universal Transverse Mercator conformal projection) form. Conversion 
from Cartesian to UTM coordinates was done with Leica Infinity software using UTM 50 North 
projection zone and value of 500 000 metres for false easting. Coordinates for point WH91 are 
presented in Table 4.2 and Table 4.3. 
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As listed in section 1.2 seven different combinations of GNSS were analysed. These were: 
i. GPS only, 
ii. GLONASS only, 
iii. BeiDou only, 
iv. GPS and GLONASS, 
v. GPS and BeiDou, 
vi. GLONASS and BeiDou and 
vii. GPS, GLONASS and BeiDou. 
For each of the GNSS combinations, real-time positioning was done for both baselines, 
including the short one to point WH91 and the long one to point QX91. Real-time positioning 
was computed using: 
• single-frequency observations: This was sometimes also labelled as frequency L1 or 
frequency L1 only, which indicated the observations of GPS L1, GLONASS L1 and 
BeiDou B1 signals were used. 
• dual-frequency observations: This was sometimes also labelled as frequencies 
L1+L2, which indicated the observations of GPS L1 and L2, GLONASS L1 and L2 and 
BeiDou B1 and B2 signals were used. 
Both baselines and both frequency combinations could be computed simultaneously, but for 
each of the seven GNSS combinations separate reprocessing and real-time positioning 
computation run was required. 
Leica GNSS Spider software computes real-time positions of monitoring rovers or points as a 
single baseline positioning using the principles of DGNSS techniques, mostly RTK when 
possible. As mentioned in section 3.1.2, point WH25 was chosen as a reference point, 
therefore real-time positioning coordinates of monitoring rover points WH91 and QX91 were 
computed relative to point WH25’s reference coordinates. Position computation of monitoring 
rover points was set to be executed for each available epoch if possible. This resulted in a new 
position being computed and logged each second. 
Leica GNSS Spider software logged real-time positioning results of each computation, each 
frequency combination and of each point in separate text file using NMEA (National Marine 
Electronics Association) 0183 standard [37]. NMEA 0183 is a standard primarily developed for 
interfacing marine electronic devices, but it can also be used in other interfacing applications 
of electronic devices. NMEA 0183 standard also allows development of manufacturer’s 
proprietary message strings based on the NMEA 0183 template. Such proprietary type is also 
NMEA GGQ message string from Leica Geosystems AG, which was used for logging in this 
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case. Contents description of NMEA GGQ message string was taken from Leica GNSS Spider 
software help [38] and is presented in Table 4.6. 
 
Table 4.6: NMEA GGQ string definition 
Format Content 
$GPGGQ, 
Header, including Talker ID, message sent from receiver. 
GGQ sentence formatter. 
hhmmss.ss, UTC time of position fix 
mmddyy, UTC date 
1111.11, Latitude 
a, Hemisphere "N"/"S" 
yyyyy.yy, Longitude 
a, Hemisphere "E"/"W" 
x, 
GPS Quality Indicator 
0 = Fix not available or invalid 
1 = No Realtime position, navigation fix 
2 = Realtime position, ambiguities not fixed 
3 = Realtime position, ambiguities fixed. 
5 = Realtime position, float ambiguities 
xx, Number of satellites in use (Common satellites between reference and rover, values between 00 to 99 may be different from the number in view). 
x.x, Coordinate Quality 
x.x, Antenna altitude above/below mean sea level. Note, if no orthometric height is available the local ellipsoidal height will be exported. 
M Units of altitude in meters (fixed text "M") 
*hh Checksum 
<CR> Carriage return 
<LF> Line feed 
 
NMEA GGQ message string example: 
$GPGGQ,183212.00,062616,3020.5441292,N,11420.1271385,E,3,27,0.016,64.055,M*3E 
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4.3 Analysis of Real-Time Positioning Coordinates 
Analysis of text files containing NMEA GGQ message strings with real-time positioning 
coordinates was done with Leica SpiderQC software. Coordinate series from these files were 
presented and compared in different ways to do a thorough analysis. This included: 
• computing and plotting the shares of epochs and positions according to data availability 
or real-time positioning coordinates quality, 
• plotting easting, northing and height time series plots, 
• plotting easting, northing and height coordinate difference distributions, 
• computing and plotting different statistics of these coordinate time series in comparison 
to reference or mean coordinate values of points WH91 or QX91. 
As seen in Table 4.6, real-time position coordinates can be of a different quality. For GNSS 
monitoring only positions with the highest quality are taken into consideration. These are 
positions which were computed based on fixed ambiguities or in other words these are 
ambiguities fixed positions. Unfortunately, also ambiguities fixed positions can sometimes be 
affected by gross errors, which usually results in wrongly computed position. Therefore, only 
ambiguities fixed positions below a certain tolerance values were taken into consideration for 
an in-depth analysis. Tolerances were set: 
• to 5 centimetres for easting and northing and 
• to 7 centimetres for height [39]. 
For each of the coordinate time series representing different observations used for real-time 
positioning three main statistical indicators were computed and used for the final comparison. 
These were: 
• Δ as a difference between reference and mean value of coordinates, 
• precision as a measure of dispersion of coordinates around the mean value and 
• accuracy as a measure of dispersion of coordinates around the reference (true) value. 
Precision and accuracy are computed as standard deviation where mean and reference (true) 
values respectively are taken as expected values in computation. 
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5 RESULTS AND DISCUSSION 
This chapter includes all the graphical and numerical results along with discussion about them. 
Section 5.1 starts the chapter with description of the two most important indicators for quality 
of GNSS monitoring results. It is followed by section 5.2 which is displaying the shares of 
epochs or also positions, since they were computed for each epoch, according to data 
availability or real-time positioning coordinates quality. This is done in a numerical and 
graphical way. Sections 5.3 and 5.4 contain plots done with Leica SpiderQC software. The first 
one has time series plots of real-time positioning results and the second one contains 
histograms of easting, northing and height coordinate difference distributions. Numerical 
statistical results computed with Leica SpiderQC along with graphical representation of the 
results are gathered in section 5.5. 
Except for results in section 5.2, all other results refer only to ambiguities fixed positions within 
a certain tolerance area around reference coordinates. As was already mentioned, tolerances 
were set to 5 centimetres for easting and northing and 7 centimetres for height. Reasons for 
such analysis and selected tolerance values are explained in section 4.3. Graphical results in 
this chapter are colour coded for easier viewing and comparison. Again, graphical results from 
section 5.2 are the exception here, since they display a different part of the results compared 
to the other sections. Colour coding is done in the following way: 
• easting is represented by blue colour, 
• northing is represented by yellow colour, 
• height is represented by red colour, 
• 2D position is represented by green colour and 
• 3D position is represented by violet colour. 
 
5.1 Availability and Accuracy of Real-Time Positioning Results 
Quality of results for GNSS monitoring applications is estimated by two main aspects. These 
are availability and accuracy of real-time positioning results. In GNSS monitoring, availability 
describes the percentage of positions with fixed (integer) ambiguity solution (shorter: fixed 
ambiguities) being computed within a limited time period in proportion to the total amount of 
epochs within the same time period where there should be GNSS data available. This is 
important in order not to miss a movement of a point, therefore, availability should be as high 
as possible. In optimal situations, availability of positions with fixed ambiguities should be 
100 %. Data gaps and longer periods without fixed ambiguities are affecting this measure the 
most, therefore such situations are unwanted. Accuracy is crucial for differentiating between 
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actual movement of a point and an apparent jump in position or gross error. These are caused 
by poor or even incorrect ambiguities resolution, which have the biggest unexpected negative 
impact on accuracy. Accuracy is also affected by other factors, but their effect can mostly be 
predicted and correctly taken into consideration when setting up GNSS monitoring system. To 
improve both aspects of any GNSS monitoring system, additional measures are usually taken. 
Accuracy here describes the numerical quality of real-time positioning results. The less 
dispersed the positions are around reference (true) coordinates, the higher the accuracy of 
real-time positioning. 
To improve results from the availability aspect there are no special computation steps one 
could take. Mostly, availability is influenced by external factors such as visibility of the open 
sky above GNSS antennas, the accuracy of the whole GNSS monitoring system from IT point 
of view, and the accuracy of hardware and software used for gathering and processing GNSS 
data. Theoretically, availability should be improved by adding more redundant observations in 
the GNSS positioning computation. Consequently, this means that ambiguities need to be 
resolved for more different frequencies, but higher number of used frequencies enable more 
reliable ambiguities resolution for all of them. Therefore, using more GNSS and more 
frequencies should improve availability of real-time positioning results. Unfortunately, this is 
not always the case, since sometimes it is easier and faster to resolve ambiguities for 
single-frequency observations of a single GNSS. On the other hand, to improve accuracy of 
real-time positioning results in GNSS monitoring, only positions with fixed ambiguities are 
taken into consideration. Even though such positions are the most accurate ones, it can 
happen that sometimes they are affected by gross errors. Positions affected by such errors 
can differ greatly from reference values, therefore they need to be filtered out, while performing 
GNSS monitoring in order not to induce false warning. Consequently, positions which differ 
greatly to reference values are also filtered out when computing the real-time positioning 
statistics. In both cases this is done by applying tolerance values. They define which positions 
are still considered as correctly and which as wrongly computed ones. Tolerance values are 
set depending on expected movements of monitored object and on distance between points. 
As mentioned in section 4.3 both these measures were taken while analysing real-time 
positioning results of this research. 
 
  
24 Šoič, G. 2017. Quality Analysis of Real-Time Positioning Results Using Different GNSS. 
 Master Th. Ljubljana, UL FGG, Second cycle master study programme Geodesy and Geoinformation. 
 
 
 
 
This page is intentionally left blank. 
 
  
Šoič, G. 2017. Quality Analysis of Real-Time Positioning Results Using Different GNSS. 25 
Master Th. Ljubljana, UL FGG, Second cycle master study programme Geodesy and Geoinformation. 
5.2 Representation of Shares for Epochs and Positions 
In order to analyse availability of real-time positioning results used for GNSS monitoring 
applications, total amount of epochs defined by sampling rate within the period of data 
gathering had to be divided among different categories and represented as shares of the total 
number of epochs within this period. This was done in two steps resulting in two different 
representations of shares which are shown in this section. First one is the representation of 
shares of epochs for the complete period of data gathering from 00:00:00 UTC on 21/06/2016 
to 01:59:59 UTC on 05/07/2016. This results in 338 hours of data in 1’216’800 epochs of 
possible computed positions. This total number of epochs or positions is divided between the 
following categories: 
• positions with fixed ambiguities, 
• positions without fixed ambiguities, 
• epochs without computed position and 
• epochs without data or so-called data gaps. 
The second part shows representation of shares for positions with fixed ambiguities within and 
out of tolerance. 
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5.2.3 Discussion about Representation of shares for Epochs and Positions 
This section discusses the availability of real-time positioning results. The first fact that needs 
to be raised for tables Table 5.1 to Table 5.4 and graphs Graph 5.1 to Graph 5.4 is that the 
amount of data gaps was different at both points. Relative to the total data gathering period 
amount of missing data was 2.11 % and 3.43 % for points WH91 (short baseline) and QX91 
(long baseline), respectively. But this difference is so small that real-time positioning results 
from obtained GNSS data can still be compared objectively. The second fact that needs to be 
compared and noted about the previously listed tables and graphs, are the total amounts of 
computed positions with fixed ambiguities. For point WH91, these positions were available 
over 97 % of the test period at both frequency combinations for almost all GNSS combinations. 
For point WH91, adding observations of the second frequency to the computation slightly 
lowers the computed amount of positions with fixed ambiguities, but the difference is below 
1 %. This is probably the effect of the short baseline, where the distance-dependent errors are 
modelled already very well with observations of single-frequency. Adding also observations of 
second frequency probably results in longer ambiguities resolution for both frequencies, thus 
the total amount of positions with fixed ambiguities is slightly lower. Exceptions here are 
GLONASS only and BeiDou only observations, where the amount of positions with fixed 
ambiguities at single-frequency were above 86 % and 89 %, respectively. Adding a second 
frequency notably improved the positioning availability to over 94 % for GLONASS only and 
over 97 % for BeiDou only. However, for point QX91 with the longer baseline, it is evident that 
using dual-frequency observations greatly improves ambiguities resolution. The percentage at 
single-frequency is quite different among all GNSS combinations, but on average it was around 
80 %. Adding second frequency resulted in the availability of positions with fixed ambiguities 
rising above 94 % for six out of seven GNSS combinations. The reason for this is most likely 
better modelled distance-dependent errors over such a long distance using dual-frequency 
instead of single-frequency observations. 
When comparing tables Table 5.5 to Table 5.8 and graphs Graph 5.5 to Graph 5.8 it can be 
seen again, that using dual-frequency real-time positioning has a notable positive effect only 
at the long baseline therefore at point QX91. The first positive effect is that slightly less 
positions fall out of pre-set tolerances of 5 centimetres for easting and northing coordinates 
and 7 centimetres for height. It is difficult to give a summarized number here, since the values 
are very different, but the number within tolerance results increased between 1 % and 5 %. 
The exceptions are GLONASS only with the increase of around 50 % and BeiDou only where 
there was actually a decrease of around 8 %. The second positive effect at the long baseline 
point QX91 is more obvious and was already pointed out in the previous paragraph, that using 
dual-frequency on long baselines results in much more positions with fixed ambiguities being 
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computed. This can be seen when comparing the total bar heights between Graph 5.7 and 
Graph 5.8. For the short baseline point WH91. Using dual-frequency results in slightly more 
positions out of tolerance than using single-frequency, but this difference is again below 1 %. 
The exception here is using GLONASS only observations, which benefits greatly from using 
dual-frequency over single-frequency. The increase in positions within the tolerance was 
around 26 %. Reasons for these are probably again similar as in the previous paragraph. 
Therefore, there is a negative effect with more difficult ambiguities resolutions, when using 
dual-frequency on the short baseline and a positive effect on the long baseline, where more 
redundant observations with dual-frequency positioning result in better modelling of 
distance-dependent errors which then improves ambiguities resolution. 
Another observation regarding all the results from this section, therefore tables Table 5.1 to 
Table 5.8 and graphs Graph 5.1 to Graph 5.8, is that using multiple-GNSS observations has a 
notable positive effect at the long baseline point QX91, where combination of GPS, GLONASS 
and BeiDou always had the highest availability followed by dual-GNSS combinations. There is 
no similar effect visible on the short baseline point WH91, where all the GNSS combinations 
had very comparable results. Also in this case, higher amounts of different and redundant 
observations aid real-time positioning with DGNSS for better modelling of distance-dependent 
errors, which results in more positions with fixed ambiguities being computed and additionally 
these positions are also less dispersed. 
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5.3 Display of Coordinate Difference Time Series 
Coordinate Difference Time Series were plotted around reference coordinates for coordinate 
differences of positions with fixed ambiguities. Plots were done for easting, northing and height 
coordinates following the colour coding described at the beginning of this chapter. X-axis span 
for all plots shows the total time period of analysed data. This means that for every coordinate 
around 1 000 000 points had to be plotted and connected with lines in a limited space, 
therefore plots are quite crowded, but they still represent general behaviour of all analysed 
combinations in a good way. Y-axis span represents the size of coordinate differences and it 
needs to be noted that there are some gross errors which fall out of the chosen span. This was 
a necessary compromise to have a clear representation of coordinate differences around 
reference coordinate values. Therefore, y-axis span was dependent of the point for which 
coordinate differences were plotted: 
• for plots of point WH91 (short baseline) y-axis span was defined from -10 centimetres 
to 10 centimetres and 
• for plots of point QX91 (long baseline) y-axis span was defined from -30 centimetres to 
30 centimetres. 
 
5.3.1 Display of Coordinate Difference Time Series of Point WH91 at Single-frequency 
Graph 5.9 presents coordinate differences time series of real-time positioning results of point 
WH91 for GPS single-frequency observations. 
 
Graph 5.9: Coordinate difference time series of point WH91 for GPS at single-frequency 
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Graph 5.10 presents coordinate difference time series of real-time positioning results of point 
WH91 for GLONASS single-frequency observations. 
 
Graph 5.10: Coordinate difference time series of point WH91 for GLO at single-frequency 
 
Graph 5.11 presents coordinate difference time series of real-time positioning results of point 
WH91 for BeiDou single-frequency observations. 
 
Graph 5.11: Coordinate difference time series of point WH91 for BDS at single-frequency 
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Graph 5.12 presents coordinate difference time series of real-time positioning results of point 
WH91 for GPS and GLONASS single-frequency observations. 
 
Graph 5.12: Coordinate difference time series of point WH91 for GPS+GLO at single-frequency 
 
Graph 5.13 presents coordinate difference time series of real-time positioning results of point 
WH91 for GPS and BeiDou single-frequency observations. 
 
Graph 5.13: Coordinate difference time series of point WH91 for GPS+BDS at single-frequency 
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Graph 5.14 presents coordinate difference time series of real-time positioning results of point 
WH91 for GLONASS and BeiDou single-frequency observations. 
 
Graph 5.14: Coordinate difference time series of point WH91 for GLO+BDS at single-frequency 
 
Graph 5.15 presents coordinate difference time series of real-time positioning results of point 
WH91 for GPS, GLONASS and BeiDou single-frequency observations. 
 
Graph 5.15: Coordinate difference time series of point WH91 for GPS+GLO+BDS at 
single-frequency 
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5.3.2 Display of Coordinate Difference Time Series of Point WH91 at Dual-frequency 
Graph 5.16 presents coordinate difference time series of real-time positioning results of point 
WH91 for GPS dual-frequency observations. 
 
Graph 5.16: Coordinate difference time series of point WH91 for GPS at dual-frequency 
 
Graph 5.17 presents coordinate difference time series of real-time positioning results of point 
WH91 for GLONASS dual-frequency observations. 
 
Graph 5.17: Coordinate difference time series of point WH91 for GLO at dual-frequency 
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Graph 5.18 presents coordinate difference time series of real-time positioning results of point 
WH91 for BeiDou dual-frequency observations. 
 
Graph 5.18: Coordinate difference time series of point WH91 for BDS at dual-frequency 
 
Graph 5.19 presents coordinate difference time series of real-time positioning results of point 
WH91 for GPS and GLONASS dual-frequency observations. 
 
Graph 5.19: Coordinate difference time series of point WH91 for GPS+GLO at dual-frequency 
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Graph 5.20 presents coordinate difference time series of real-time positioning results of point 
WH91 for GPS and BeiDou dual-frequency observations. 
 
Graph 5.20: Coordinate difference time series of point WH91 for GPS+BDS at dual-frequency 
 
Graph 5.21 presents coordinate difference time series of real-time positioning results of point 
WH91 for GLONASS and BeiDou dual-frequency observations. 
 
Graph 5.21: Coordinate difference time series of point WH91 for GLO+BDS at dual-frequency 
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Graph 5.22 presents coordinate difference time series of real-time positioning results of point 
WH91 for GPS, GLONASS and BeiDou dual-frequency observations. 
 
Graph 5.22: Coordinate difference time series of point WH91 for GPS+GLO+BDS at 
dual-frequency 
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5.3.3 Display of Coordinate Difference Time Series of Point QX91 at Single-frequency 
Graph 5.23 presents coordinate difference time series of real-time positioning results of point 
QX91 for GPS single-frequency observations. 
 
Graph 5.23: Coordinate difference time series of point QX91 for GPS at single-frequency 
 
Graph 5.24 presents coordinate difference time series of real-time positioning results of point 
QX91 for GLONASS single-frequency observations. 
 
Graph 5.24: Coordinate difference time series of point QX91 for GLO at single-frequency 
 
Šoič, G. 2017. Quality Analysis of Real-Time Positioning Results Using Different GNSS. 45 
Master Th. Ljubljana, UL FGG, Second cycle master study programme Geodesy and Geoinformation. 
 
Graph 5.25 presents coordinate difference time series of real-time positioning results of point 
QX91 for BeiDou single-frequency observations. 
 
Graph 5.25: Coordinate difference time series of point QX91 for BDS at single-frequency 
 
Graph 5.26 presents coordinate difference time series of real-time positioning results of point 
QX91 for GPS and GLONASS single-frequency observations. 
 
Graph 5.26: Coordinate difference time series of point QX91 for GPS+GLO at single-frequency 
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Graph 5.27 presents coordinate difference time series of real-time positioning results of point 
QX91 for GPS and BeiDou single-frequency observations. 
 
Graph 5.27: Coordinate difference time series of point QX91 for GPS+BDS at single-frequency 
 
Graph 5.28 presents coordinate difference time series of real-time positioning results of point 
QX91 for GLONASS and BeiDou single-frequency observations. 
 
Graph 5.28: Coordinate difference time series of point QX91 for GLO+BDS at single-frequency 
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Graph 5.29 presents coordinate difference time series of real-time positioning results of point 
QX91 for GPS, GLONASS and BeiDou single-frequency observations. 
 
Graph 5.29: Coordinate difference time series of point QX91 for GPS+GLO+BDS at 
single-frequency 
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5.3.4 Display of Coordinate Difference Time Series of Point QX91 at Dual-frequency 
Graph 5.30 presents coordinate difference time series of real-time positioning results of point 
QX91 for GPS dual-frequency observations. 
 
Graph 5.30: Coordinate difference time series of point QX91 for GPS at dual-frequency 
 
Graph 5.31 presents coordinate difference time series of real-time positioning results of point 
QX91 for GLONASS dual-frequency observations. 
 
Graph 5.31: Coordinate difference time series of point QX91 for GLO at dual-frequency 
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Graph 5.32 presents coordinate difference time series of real-time positioning results of point 
QX91 for BeiDou dual-frequency observations. 
 
Graph 5.32: Coordinate difference time series of point QX91 for BDS at dual-frequency 
 
Graph 5.33 presents coordinate difference time series of real-time positioning results of point 
QX91 for GPS and GLONASS dual-frequency observations. 
 
Graph 5.33: Coordinate difference time series of point QX91 for GPS+GLO at dual-frequency 
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Graph 5.34 presents coordinate difference time series of real-time positioning results of point 
QX91 for GPS and BeiDou dual-frequency observations. 
 
Graph 5.34: Coordinate difference time series of point QX91 for GPS+BDS at dual-frequency 
 
Graph 5.35 presents coordinate difference time series of real-time positioning results of point 
QX91 for GLONASS and BeiDou dual-frequency observations. 
 
Graph 5.35: Coordinate difference time series of point QX91 for GLO+BDS at dual-frequency 
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Graph 5.36 presents coordinate difference time series of real-time positioning results of point 
QX91 for GPS, GLONASS and BeiDou dual-frequency observations. 
 
Graph 5.36: Coordinate difference time series of point QX91 for GPS+GLO+BDS at 
dual-frequency 
 
  
52 Šoič, G. 2017. Quality Analysis of Real-Time Positioning Results Using Different GNSS. 
 Master Th. Ljubljana, UL FGG, Second cycle master study programme Geodesy and Geoinformation. 
5.3.5 Discussion about Coordinate Difference Time Series 
This section discusses and gives a rough overview mostly about the accuracy of real-time 
positioning results and partially also about availability. Coordinate difference time series are 
plotted on graphs Graph 5.9 to Graph 5.22 for point WH91 (short baseline) and on graphs 
Graph 5.23 to Graph 5.36 for point QX91 (long baseline). Y-axis represents the size of 
coordinate differences regarding the reference coordinate values. To plot most coordinate 
differences y-axis span for plots of point WH91 was defined to be between ±10 centimetres, 
but for plots of point QX91 this span had to be between ±30 centimetres. This already shows 
that coordinate differences regarding to reference coordinate values for the majority of 
computed positions are larger at longer baselines. Comparing single-frequency to 
dual-frequency positioning on the short baseline of point WH91 there is no visible difference. 
By the rough estimation of the coordinate time series on the graphs, a clear majority of 
positions was between ±1.5 centimetres for easting and northing coordinates and between 
±2 centimetres for height at both frequency combinations and for five out of seven GNSS 
combinations, exceptions were case where GLONASS only and BeiDou only observations 
were used. On the long baseline of point QX91 real-time positioning improves greatly with the 
use of dual-frequency. The first thing seen on the graphs is the decreased number of gaps 
without positions with fixed ambiguities being computed. Secondly, plotted points are less 
dispersed around reference values, which means there are either less gross errors or 
coordinate differences are generally smaller when compared to single-frequency positioning 
at point QX91. Again, it is hard to give exact numbers just by looking at graphs, but for both 
single- and dual-frequency observations it appears most differences are within ±4 or 
±5 centimetres for easting and northing coordinates and between ±6 or ±7 centimetres for 
height. At both groups of graphs of both points it is also evident, that height differences are 
always larger than easting and northing coordinate differences and that the use of multi-GNSS 
observations improves real-time positioning availability and accuracy. The claim about the 
benefits of using multi-GNSS observations is more obvious in graphs of point QX91 than in 
graphs of point WH91. Most probable reasons for the seen differences are the same as already 
described in section 5.2.3. Additional finding is that height coordinates are less accurate than 
easting and northing, therefore horizontal (2D) coordinates, which is a known issue of GNSS 
positioning. Reason for this is that geometry of satellites in Earth’s orbit is more suitable for 
determining horizontal (2D) position and less suitable for determining height. 
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5.4 Display of Easting, Northing and Height Coordinate Difference Distributions 
Distributions of coordinate differences between reference coordinates and computed real-time 
position coordinates are displayed in the form of histograms. They were plotted around 
reference coordinates for real-time positions with fixed ambiguities. Coordinate differences at 
all histograms were sorted among 100 bins, with bin width of 2 millimetres. This resulted in 
x-axis span from -10 centimetres to 10 centimetres. Y-axis span was dependent of the point 
for which the histograms were plotted: 
• for histograms of point WH91 (short baseline) y-axis span was from 0 to 400 000 and 
• for histograms of point QX91 (long baseline) y-axis span was from 0 to 100 000. 
 
5.4.1 Coordinate Difference Distributions of Point WH91 at Single-frequency 
Graph 5.37 presents coordinate difference distributions of real-time positioning results of point 
WH91 for GPS single-frequency observations. 
 
Graph 5.37: Coordinate difference distributions of point WH91 for GPS at single-frequency 
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Graph 5.38 presents coordinate difference distributions of real-time positioning results of point 
WH91 for GLONASS single-frequency observations. 
 
Graph 5.38: Coordinate difference distributions of point WH91 for GLO at single-frequency 
Graph 5.39 presents coordinate difference distributions of real-time positioning results of point 
WH91 for BeiDou single-frequency observations. 
 
Graph 5.39: Coordinate difference distributions of point WH91 for BDS at single-frequency 
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Graph 5.40 presents coordinate difference distributions of real-time positioning results of point 
WH91 for GPS and GLONASS single-frequency observations. 
 
Graph 5.40: Coordinate difference distributions of point WH91 for GPS+GLO at 
single-frequency 
Graph 5.41 presents coordinate difference distributions of real-time positioning results of point 
WH91 for GPS and BeiDou single-frequency observations. 
 
Graph 5.41: Coordinate difference distributions of point WH91 for GPS+BDS at 
single-frequency 
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Graph 5.42 presents coordinate difference distributions of real-time positioning results of point 
WH91 for GLONASS and BeiDou single-frequency observations. 
 
Graph 5.42: Coordinate difference distributions of point WH91 for GLO+BDS at 
single-frequency 
Graph 5.43 presents coordinate difference distributions of real-time positioning results of point 
WH91 for GPS, GLONASS and BeiDou single-frequency observations. 
 
Graph 5.43: Coordinate difference distributions of point WH91 for GPS+GLO+BDS at 
single-frequency 
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5.4.2 Coordinate Difference Distributions of Point WH91 at Dual-frequency 
Graph 5.44 presents coordinate difference distributions of real-time positioning results of point 
WH91 for GPS dual-frequency observations. 
 
Graph 5.44: Coordinate difference distributions of point WH91 for GPS at dual-frequency 
Graph 5.45 presents coordinate difference distributions of real-time positioning results of point 
WH91 for GLONASS dual-frequency observations. 
 
Graph 5.45: Coordinate difference distributions of point WH91 for GLO at dual-frequency 
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Graph 5.46 presents coordinate difference distributions of real-time positioning results of point 
WH91 for BeiDou dual-frequency observations. 
 
Graph 5.46: Coordinate difference distributions of point WH91 for BDS at dual-frequency 
Graph 5.47 presents coordinate difference distributions of real-time positioning results of point 
WH91 for GPS and GLONASS dual-frequency observations. 
 
Graph 5.47: Coordinate difference distributions of point WH91 for GPS+GLO at dual-frequency 
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Graph 5.48 presents coordinate difference distributions of real-time positioning results of point 
WH91 for GPS and BeiDou dual-frequency observations. 
 
Graph 5.48: Coordinate difference distributions of point WH91 for GPS+BDS at dual-frequency 
Graph 5.49 presents coordinate difference distributions of real-time positioning results of point 
WH91 for GLONASS and BeiDou dual-frequency observations. 
 
Graph 5.49: Coordinate difference distributions of point WH91 for GLO+BDS at dual-frequency 
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Graph 5.50 presents coordinate difference distributions of real-time positioning results of point 
WH91 for GPS, GLONASS and BeiDou dual-frequency observations. 
 
Graph 5.50: Coordinate difference distributions of point WH91 for GPS+GLO+BDS at 
dual-frequency 
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5.4.3 Coordinate Difference Distributions of Point QX91 at Single-frequency 
Graph 5.51 presents coordinate difference distributions of real-time positioning results of point 
QX91 for GPS single-frequency observations. 
 
Graph 5.51: Coordinate difference distributions of point QX91 for GPS at single-frequency 
Graph 5.52 presents coordinate difference distributions of real-time positioning results of point 
QX91 for GLONASS single-frequency observations. 
 
Graph 5.52: Coordinate difference distributions of point QX91 for GLO at single-frequency 
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Graph 5.53 presents coordinate difference distributions of real-time positioning results of point 
QX91 for BeiDou single-frequency observations. 
 
Graph 5.53: Coordinate difference distributions of point QX91 for BDS at single-frequency 
Graph 5.54 presents coordinate difference distributions of real-time positioning results of point 
QX91 for GPS and GLONASS single-frequency observations. 
 
Graph 5.54: Coordinate difference distributions of point QX91 for GPS+GLO at 
single-frequency 
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Graph 5.55 presents coordinate difference distributions of real-time positioning results of point 
QX91 for GPS and BeiDou single-frequency observations. 
 
Graph 5.55: Coordinate difference distributions of point QX91 for GPS+BDS at 
single-frequency 
Graph 5.56 presents coordinate difference distributions of real-time positioning results of point 
QX91 for GLONASS and BeiDou single-frequency observations. 
 
Graph 5.56: Coordinate difference distributions of point QX91 for GLO+BDS at 
single-frequency 
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Graph 5.57 presents coordinate difference distributions of real-time positioning results of point 
QX91 for GPS, GLONASS and BeiDou single-frequency observations. 
 
Graph 5.57: Coordinate difference distributions of point QX91 for GPS+GLO+BDS at 
single-frequency 
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5.4.4 Coordinate Difference Distributions of Point QX91 at Dual-frequency 
Graph 5.58 presents coordinate difference distributions of real-time positioning results of point 
QX91 for GPS dual-frequency observations. 
 
Graph 5.58: Coordinate difference distributions of point QX91 for GPS at dual-frequency 
Graph 5.59 presents coordinate difference distributions of real-time positioning results of point 
QX91 for GLONASS dual-frequency observations. 
 
Graph 5.59: Coordinate difference distributions of point QX91 for GLO at dual-frequency 
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Graph 5.60 presents coordinate difference distributions of real-time positioning results of point 
QX91 for BeiDou dual-frequency observations. 
 
Graph 5.60: Coordinate difference distributions of point QX91 for BDS at dual-frequency 
Graph 5.61 presents coordinate difference distributions of real-time positioning results of point 
QX91 for GPS and GLONASS dual-frequency observations. 
 
Graph 5.61: Coordinate difference distributions of point QX91 for GPS+GLO at dual-frequency 
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Graph 5.62 presents coordinate difference distributions of real-time positioning results of point 
QX91 for GPS and BeiDou dual-frequency observations. 
 
Graph 5.62: Coordinate difference distributions of point QX91 for GPS+BDS at dual-frequency 
Graph 5.63 presents coordinate difference distributions of real-time positioning results of point 
QX91 for GLONASS and BeiDou dual-frequency observations. 
 
Graph 5.63: Coordinate difference distributions of point QX91 for GLO+BDS at dual-frequency 
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Graph 5.64 presents coordinate difference distributions of real-time positioning results of point 
QX91 for GPS, GLONASS and BeiDou dual-frequency observations. 
 
Graph 5.64: Coordinate difference distributions of point QX91 for GPS+GLO+BDS at 
dual-frequency 
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5.4.5 Discussion about Coordinate Difference Distributions 
Coordinate difference distributions also display accuracy of real-time positioning results and 
they can also be divided into two major groups, which consist of graphs Graph 5.37 to Graph 
5.50 and graphs Graph 5.51 to Graph 5.64 of points WH91 and QX91 respectively. They 
confirm the findings from displays of coordinate difference time series. Looking at the 
histograms of point WH91 there is no major difference in coordinate difference distributions 
between single- and dual-frequency observations. The same can also be said for coordinate 
difference distributions of point QX91, which means that major jumps seen in coordinate 
difference time series plots are mostly due to gross errors, which are out of histogram 
coordinate difference span of ±10 centimetres and thus are not plotted here. Only visible 
improvements from histograms of using dual-frequency over single-frequency can be seen in 
GLONASS only and BeiDou only observations. Comparing both groups of histograms 
together, coordinate differences are more dispersed at longer baseline point QX91 than at 
short baseline point WH91. This can be seen from the shapes of the histogram and from the 
fact, that y-axis span at histograms of point QX91 needs to go only from 0 to 100 000 to display 
the results, while y-axis span at histograms of point WH91 needs to be from 0 to 400 000 to 
do the same. From all the histograms, it is again evident that height differences are more 
dispersed than easting and northing differences and that using multi-GNSS results in less 
dispersed positioning coordinates. 
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5.5.1 Discussion about Statistical Results 
Numerical statistical results, which are the measure of real-time positioning accuracy, were 
obtained by analysing NMEA GGQ message log files with Leica SpiderQC software. They are 
gathered in tables Table 5.9 to Table 5.12. For easier comparison, they are also plotted on 
graphs Graph 5.65 to Graph 5.76. Tables and graphs are presenting numerical results for 
analysed real-time positions, which fell within the tolerance values. Statistical indicators consist 
of difference between mean and reference coordinate values (Δ), precision and accuracy of 
computed coordinates. Precision and accuracy are representing values within the span of one 
standard deviation (1σ). 
Comparing graphs Graph 5.65, Graph 5.68, Graph 5.71 and Graph 5.74, for difference 
between mean and reference coordinate values, two conclusions can be made. First 
conclusion, at long baseline computed coordinates are differing more to the reference 
coordinates than at short baseline. Coordinate differences are for single- and dual-frequency 
observations at the short baseline on average around 1 to 5 millimetres, depending on the 
coordinate, height is of course more dispersed, and at long baseline coordinate differences 
are around 1 to 12 millimetres. Second conclusion, using dual-frequency instead of 
single-frequency positioning results in lower differences between mean and reference 
coordinate values of the same point. These differences are again depending on the coordinate 
compared, but on average they are lower with dual-frequency approach at both baselines for 
around 3 to 5 millimetres compared to single-frequency. Reason behind both findings is 
probably that at short baselines or using dual-frequency observations results in better modelled 
distance-dependent errors, which brings real-time positioning coordinates closer to reference 
coordinates computed with post processing in Leica Infinity software. 
Differences between mean and reference coordinate values were small enough, compared to 
the precision values, that they do not have almost any effect on accuracy values. Therefore, 
precision measures, plotted in graphs Graph 5.66, Graph 5.69, Graph 5.72 and Graph 5.75 
and accuracy measures, plotted in graphs Graph 5.67, Graph 5.70, Graph 5.73 and Graph 
5.76 are almost identical and can be compared together, since both groups of graphs plotted 
according to numerical values present the same findings. These findings are almost identical 
as were the findings discussed for coordinate difference time series plots (section 5.3.5) and 
distributions (section 5.4.5). Longer baselines or using single-frequency observations for 
real-time positioning give worse results than shorter baselines or using dual-frequency 
observations. Exception to this claim might be precision and accuracy for long baseline point 
QX91. They are surprisingly better with the use of single-frequency observations rather than 
with dual-frequency, but these differences are very small, on average 1 or 2 millimetres. There 
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might be two reasons for this. Firstly, as discussed in section 5.2.3, adding observations of 
second frequency at the long baseline results in more computed positions with fixed 
ambiguities and more of these positions are within the tolerance boundaries. Therefore, it might 
be that much higher number of computed coordinates taken into statistic computation results 
in greater overall dispersion of these coordinates. Secondly, it might be that frequency L2 (or 
B2) contains more noise than frequency L1 (or B1) on longer baseline, which means it is 
probably more difficult to model distance-dependent errors on frequency L2 (or B2) than on 
frequency L1 (or B2). Taking into consideration also findings from section 5.3.5, it is still better 
to use dual-frequency positioning on long baselines since there are more epochs with a fixed 
solution available, which means that there are more positions computed and that real-time 
positioning’s availability is higher. 
Comparing height computation to easting and northing computations through precision and 
accuracy measures values, it is again evident that heights are determined not as precise and 
as accurate as easting and northing coordinates at all analysed combinations. Difference in 
precision and accuracy between horizontal (2D) position and height is on average between 1 
and 3 millimetres at the short baseline point WH91 and on average around 10 millimetres at 
the long baseline point QX91. Regarding different GNSS combinations, it is again as it was 
established in other sections with discussion. GLONASS only and BeiDou only give the worse 
accuracy positioning results. These are for short baseline around 10 millimetres for horizontal 
(2D) position and between 10 to 20 millimetres for height. For the long baseline these are 
around 22 millimetres for horizontal (2D) position and around 34 millimetres for height. GPS 
only and both dual-GNSS combinations of GPS have accuracy values at the short baseline 
point WH91 for single- and dual-frequency observations between 6 and 7 millimetres for 
horizontal (2D) position and between 6 and 8 millimetres for height. For the long baseline point 
QX91 and for single- and dual-frequency observations values are between 17 and 
22 millimetres for horizontal (2D) position and between 29 and 31 millimetres for height. 
Combination of GLONASS and BeiDou observations falls between GLONASS or BeiDou only 
observations and all combinations including GPS observations. The best precision and 
accuracy values are reached when using multi-GNSS observations of all three systems, but 
the improvement in accuracy over all combinations including GPS observations is only around 
1 millimetre. 
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6 CONCLUSIONS 
With respect to discussion about the results in sections 5.2.3, 5.3.5, 5.4.5 and 5.5.1, research 
hypotheses can now be evaluated: 
I. The analysis showed that shorter baselines give higher availability and more accurate 
real-time positioning results than longer baselines, therefore, this hypothesis can be 
confirmed. 
II. Using dual-frequency GNSS observations gave higher availability of real-time 
positioning results than using single-frequency GNSS observations, therefore, this part 
of hypothesis can be confirmed. However, using dual-frequency GNSS observations 
gave more accurate real-time positioning results than using single-frequency GNSS 
observations only for point WH91, but not also for point QX91, therefore this part of 
hypothesis can only be partly confirmed. 
III. Generally speaking, real-time positioning results were improving in terms of accuracy 
with the increasing number of different GNSS used for positioning, but combination of 
GLONASS and BeiDou sometimes had worse results in terms of accuracy than GPS 
only, therefore, this hypothesis can only be partly confirmed. 
IV. All results proved horizontal (2D) position is determined more accurately than height, 
therefore, for GNSS positioning this hypothesis can be confirmed. 
Based on conducted analyses within the scope of GNSS monitoring applications, it can be said 
that using observations of more frequencies and more GNSS is always beneficial for GNSS 
positioning and GNSS monitoring with real-time positioning approach. But there are some 
exceptions to this claim. One minor exception might be cases with short baselines, where using 
single-frequency observations is sufficient for various monitoring cases and adding second 
frequency does not really make a substantial benefit to the positioning results, therefore it also 
does not justify higher costs of dual-frequency receivers. However, to determine the numerical 
border between short and long baseline, additional tests would need to be performed. A 
second exception is that combination of GLONASS and BeiDou provides results which are not 
so good, but still better than using these two systems separately. The last exception, GPS is 
very good as a standalone system, as this case produced very comparable results to all 
multi-GNSS cases. The best combination in terms of availability and accuracy for GNSS 
monitoring is of course using all three GNSS together, since this combination provided the 
most epochs with computed positions with fixed ambiguities, the least of these positions were 
out of tolerance and statistical indicators had the lowest values, which means positions were 
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the least dispersed. Since the numerical differences to second best combinations of GPS with 
GLONASS and GPS with BeiDou are rather small, other benefits of using multi-GNSS and 
multi-frequency GNSS monitoring equipment should also be taken into consideration. Both 
multi-GNSS and multi-frequency features of the receivers enable higher redundancy of GNSS 
data, which should aid to the ambiguities resolution and modelling distance-dependent errors 
at longer baselines, thus improving availability and accuracy of real-time positioning. In GNSS 
monitoring applications where topography around monitored object impairs the visibility of the 
open sky, the use of multi-GNSS and multi-frequency receivers might just be the turning point 
of getting a real-time position or not. 
Results of this test prove GNSS positioning as a very suitable approach for continuous 
monitoring applications. But of course, proper considerations about baseline lengths and 
combinations of multi-frequency and multi-GNSS observations regarding to the size of 
movements, that need to be detected, and to the topography of the monitored object and its 
surroundings, must be made before choosing the appropriate GNSS equipment and installing 
such GNSS monitoring system. 
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7 RAZŠIRJEN POVZETEK V SLOVENŠČINI 
P.1 UVOD 
P.1.1 Motivacija 
Civilizacija 21. stoletja je okoli sebe ustvarila zapleten svet, v katerem se nahaja veliko 
zapletenih inženirskih objektov in naravnih objektov kot tudi naravnih pojavov. Ti objekti bi ob 
nepričakovanih nenadnih spremembah oziroma premikih lahko povzročili katastrofalne 
posledice za okolico, v kateri se nahajajo. Da bi preprečili morebitne katastrofe, se na takih 
kompleksnih objektih in naravnih pojavih pogosto izvaja periodično ali celo neprekinjeno 
spremljanje pričakovanih, predvsem pa nepričakovanih premikov ali deformacij. Na kratko to 
dvoje imenujemo periodični in stalno potekajoči monitoring. 
Za klasični periodični monitoring geodeti so in še vedno uporabljajo tahimetre, s katerimi merijo 
kote in razdalje med vnaprej določenimi točkami na objektih, pogosto uporabljajo tudi nivelirje 
za izvedbo najnatančnejših meritev višinskih razlik. S konstantnim razvojem tehnologije se za 
periodični in celo še bolj za stalno potekajoči monitoring vedno bolj uveljavljajo in uporabljajo 
novi instrumenti in merske tehnike. To so na primer avtomatizacija tahimetrov, optična vlakna, 
senzorji nagiba, lasersko skeniranje, radarska interferometrija in tako dalje. Ena izmed možnih 
tehnologij za izvedbo monitoringa, ki je še posebno primerna za stalno potekajoči monitoring, 
je uporaba globalnih navigacijskih satelitskih sistemov (GNSS). Sistemi GNSS v kombinaciji s 
programsko opremo, s sprejemniki GNSS in z na objekte pritrjenimi antenami, ki so predmet 
monitoringa, omogočajo izvedbo določitve položaja v realnem času za vse opazovane točke z 
visoko hitrostjo. Z uporabo zmogljive programske opreme, računalnikov in dodatne 
infrastrukture, ki vse skupaj poveže v enoten delujoč sistem, lahko določevanje položaja v 
realnem času izvede izračun novih koordinat za vse točke, ki so predmet monitoringa, vsako 
sekundo ali celo vsako desetinko sekunde. Tako visoke hitrosti določitev položaja za 
geodetske mreže več točk ni mogoče doseči z uporabo tahimetrov. Seveda imata obe metodi, 
tahimetri in GNSS, vsaka svoje prednosti in slabosti. Kljub izrednemu razvoju algoritmov za 
obdelavo signalov GNSS in višanju števila dostopnih satelitov različnih sistemov GNSS v 
zadnjih letih, GNSS-monitoring še vedno ne more doseči točnosti in natančnosti najboljših 
tahimetrov. Vendar pa uporaba tahimetrov zahteva nemoteno linijo vizure med tahimetrom in 
točkami, obenem pa so točke od tahimetra lahko oddaljene največ par kilometrov. Pri 
GNSS-monitoringu ni zahteve o nemoteni liniji vizure oziroma pogleda med točkami, razdalje 
med njimi pa z lahkoto dosežejo tudi 10 kilometrov in več. Dodatno pa pri GNSS-monitoringu 
obstaja zahteva, da je nad točkami pogled na nebo kar se da neoviran. Če povzamemo, ima 
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vsaka tehnika monitoringa svoje prednosti in slabosti, zato so izkušnje inženirja za monitoring 
ali geodeta ključne pri odločitvi, katero metodo bo uporabil. 
 
P.1.2 Predmet raziskave 
Predmet raziskave je bila analiza rezultatov določitve položaja v realnem času, ki so bili 
pridobljeni z obdelavo opazovanj različnih sistemov GNSS. Za raziskavo so bila uporabljena 
opazovanja ameriškega sistema GPS (Global Positioning System), ruskega sistema 
GLONASS (rus. Globalnaya navigatsionnaya sputnikovaya sistema) in kitajskega sistema 
BeiDou. Glavni del analize je slonel na rezultatih časovnih serij koordinat istih točk. Časovne 
serije koordinat so bile pridobljene z večkratno obdelavo različnih kombinacij opazovanj GNSS 
po postopkih določitve položaja v realnem času. Uporabljene kombinacije so bile: 
i. samo opazovanja GPS, 
ii. samo opazovanja GLONASS, 
iii. samo opazovanja BeiDou, 
iv. kombinacija opazovanj GPS in GLONASS, 
v. kombinacija opazovanj GPS in BeiDou, 
vi. kombinacija opazovanj GLONASS in BeiDou ter 
vii. kombinacija opazovanj GPS, GLONASS in BeiDou. 
Za vsako od teh kombinacij so bile koordinate izračunane na podlagi uporabe samo 
enofrekvenčnih opazovanj in dvofrekvenčnih opazovanj ter zbrane v obliki časovnih vrst. 
Dodatno je raziskava zajela tudi primerjavo rezultatov določitve položaja dveh različnih dolžin 
baznih vektorjev. 
 
P.1.3 Raziskovalne hipoteze 
Končni cilj raziskave je bil podati odgovore na sledeče raziskovalne hipoteze: 
I. Krajši bazni vektorji omogočajo višjo razpoložljivost in bolj točne rezultate določitve 
položaja v realnem času kot daljši bazni vektorji. 
II. Uporaba dvofrekvenčnih opazovanj GNSS omogoča višjo razpoložljivost in bolj točne 
rezultate določitve položaja v realnem času kot uporaba enofrekvenčnih opazovanj 
GNSS. 
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III. Rezultati določitve položaja v realnem času se izboljšujejo v smislu točnosti z večanjem 
števila različnih sistemov GNSS, uporabljenih za določitev položaja. 
IV. Pri določitvi položaja z GNSS je horizontalni (2D) položaj določen bolj točno kot višina. 
 
P.2 GNSS IN DOLOČITEV POLOŽAJA V REALNEM ČASU 
P.2.1 Globalni navigacijski satelitski sistemi 
Kot je razloženo v [1], je besedna zveza globalni navigacijski satelitski sistemi postala enoten 
splošno sprejet termin, ki zajema različne sisteme GNSS, ki so razviti, vzpostavljeni in 
vzdrževani s strani različnih držav. Glavni nalogi sistemov GNSS sta zagotavljanje točne 
določitve položaja in distribucije točnega časa hkrati za neomejeno število uporabnikov. 
Izvajanje teh nalog omogoča dobro premišljena struktura, ki je skupna vsem sistemom GNSS. 
Sestavljajo jo trije segmenti [1]: 
• Vesoljski segment predstavljajo vsi navigacijski sateliti v Zemljini orbiti. Sateliti 
zagotavljajo signale oziroma opazovanja in podatkovna sporočila za opremo 
uporabnikov. 
• Kontrolni segment sestavlja več postaj na Zemlji. Naloge teh postaj so nadzorovanje 
statusa satelitov in integritete signalov, vzdrževanje orbitalne konfiguracije satelitov ter 
posodabljanje satelitov z najnovejšimi popravki ur, efemeridami in številnimi drugimi 
parametri, ki so potrebni za določitev položaja, hitrosti ter točnega časa vsakega 
uporabnika GNSS. 
• Uporabniški segment je najbolj raznolik, saj ga sestavlja vsa oprema, ki služi za 
sprejem opazovanj GNSS. Ta oprema pokriva celotno strojno in programsko opremo 
različnih proizvajalcev, ki se uporablja za sledenje, sprejemanje in tudi shranjevanje 
signalov s satelitov. Z uporabo teh opazovanj uporabniška oprema izvaja 
pozicironiranje, distribucijo časa in ostale povezane naloge. 
Z uporabniškega vidika so sistemi GNSS pasivni sistemi, zato omogočajo sočasno uporabo 
storitev GNSS neomejenemu številu uporabnikov. Pasivni sistem v tem primeru pomeni, da 
uporabniški segment signale in podatke z vesoljskega segmenta samo sprejema, ničesar pa 
ne pošilja nazaj satelitom. Aktivna dela sistemov GNSS sta tako vesoljski in kontrolni segment. 
Sateliti oddajajo signale uporabniški opremi in kontrolnemu segmentu. Kontrolni segment 
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sprejema te signale in obenem pošilja posodobitve in korekcije različnih parametrov nazaj 
satelitom [1]. 
Zagotavljanje točnega časa omogočajo izredno precizne atomske ure na satelitih in korekcije 
časa, poslane s postaj na Zemlji. Distribucija točnega časa med uporabnike se izvaja prek s 
satelitov oddanih signalov, ki se uporabljajo za določitev položaja. Določitev položaja z GNSS 
sloni na podobnih principih kot trilateracija [2]. Sprejemnik obravnavamo kot točko z neznanimi 
koordinatami in satelite kot točke z znanimi koordinatami. Položaji satelitov se določijo z 
uporabo efemerid, ki jih oddajajo vsi sateliti. Sprejemnik nato določi svoj položaj z uporabo 
efemerid in razdalj, izmerjenih od vsaj štirih satelitov. Tri razdalje so potrebne za določitev 
vseh treh koordinat sprejemnika, četrta pa za določitev napake ure sprejemnika [3], [4]. 
Sistemi GNSS, ki so že vzpostavljeni ali se trenutno vzpostavljajo, so: 
• GPS je ameriški GNSS z idejnimi začetki, ki segajo v leto 1960. Prvi satelit je bil 
izstreljen leta 1978, sistem je dosegel delno uporabnost leta 1993 in polno uporabnost 
leta 1995. Od takrat dalje sistem vedno vzdržuje polno uporabnost. Čeprav je bil 
zasnovan kot vojaški sistem, so oblasti omogočile civilno uporabo že zelo zgodaj v fazi 
razvoja [1], [5], [6]. 
• GLONASS je ruski GNSS z začetki še v Sovjetski zvezi leta 1970, ki je kasneje seveda 
padel pod rusko upravo. Prvi satelit je bil izstreljen leta 1982, sistem je dosegel delno 
uporabnost leta 1993. Leta 1995 so oblasti sprva izključno vojaškemu sistemu 
omogočile dostop tudi civilnim uporabnikom. GLONASS je polno uporabnost dosegel 
prvič leta 1996. Kmalu zatem so prvi sateliti začeli odpovedovati in polno uporabnost 
sistema je Rusija ponovno dosegla šele leta 2011 [1], [8], [9]. 
• BeiDou je kitajski navigacijski satelitski sistem z začetnimi idejami in prvotnimi testi 
koncepta, ki segajo v leto 1983. Uradno je bil program razvoja sistema ustanovljen leta 
1994, sam sistem pa je bil prvotno zasnovan kot regionalni navigacijski satelitski sistem 
(RNSS) tako za vojaško kot tudi civilno uporabo. Prvi sateliti so bili izstreljeni leta 2000, 
kot RNSS pa je nad Azijo in Pacifikom delno uporabnost dosegel leta 2011. Ideje in 
pobude za razširitev sistema BeiDou v GNSS so bile dane že leta 1997, vendar pa se 
je kitajska vlada za korak v to smer odločila šele leta 2006. Napovedano je, da bo 
BeiDou polno uporabnost kot GNSS dosegel leta 2020 [1], [11], [12]. 
• Galileo je evropski GNSS z idejnimi začetki iz 90. let 20. stoletja. Primarna ideja je, da 
bi z razvojem lastnega GNSS Evropa odpravila odvisnost od sistemov GPS, 
GLONASS in BeiDou. Sistem se pod okriljem Evropske unije (EU) razvija in vzpostavlja 
od leta 1999 dalje, ko so postavili dokončni koncept sistema. Že od samih začetkov je 
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Ločimo dve tehniki DGNSS, odvisno od tega, kateri signali dobijo popravke v postopku: 
• popravki kode: ti se uporabljajo, ko se v postopku določitve položaja uporabljajo in 
popravljajo kodna opazovanja. Položaj se s to tehniko določi z natančnostjo, boljšo od 
enega metra. Ta tehnika tudi prevzema ime krovne tehnike, torej DGNSS, saj je bila to 
ena izmed prvih tehnik odstranjevanja oziroma zmanjševanja napak pri določitvi 
položaja z GNSS. 
• popravki faze: ti se uporabljajo pri določitvi položaja s faznimi opazovanji, pri čemer je 
mogoče doseči nekaj centimetrsko ali natančnost celo boljšo od enega centimetra. Ta 
tehnika je znana pod kratico RTK (ang. Real-Time Kinematics) [21], [22]. 
 
P.3 PRIDOBIVANJE PODATKOV 
P.3.1 Testno polje 
Za temeljito in korektno izvedbo raziskave je bilo treba pridobiti opazovanja GNSS, ki bodo 
zajemala v čim bolj podobni meri podatke sistemov GPS, GLONASS in BeiDou. Dodatno je 
bilo treba za zbiranje velike količine opazovanj GNSS zagotoviti tudi dolgoročno stabilnost 
točk, kjer bi bile nameščene GNSS-antene oziroma sprejemniki. Z upoštevanjem teh zahtev 
je bilo treba izbrati primerno mersko opremo in lokacijo. 
 
P.3.1.1 Merska oprema 
Vsa merska strojna in programska oprema za sledenje, beleženje in procesiranje opazovanj 
GNSS je bila sposojena od podjetja Leica Geosystems AG. Merska oprema je bila sledeča: 
• Leica AR10 GNSS Antenna je antena, pogosto uporabljana za referenčne postaje [23], 
• Leica GR25 GNSS Reference Server je GNSS-sprejemnik, pogosto uporabljan za 
referenčne postaje [24], 
• Leica GMX910 Smart Antenna je GNSS-antena z integriranim merskim čipom, razvita 
predvsem za GNSS-monitoring aplikacije [25], 
• Leica GNSS Spider Software je program, ki se ga najpogosteje uporablja za upravljanje 
omrežij referenčnih postaj, služi lahko tudi za potrebe GNSS-monitoringa [26], 
Šoič, G. 2017. Quality Analysis of Real-Time Positioning Results Using Different GNSS. 89 
Master Th. Ljubljana, UL FGG, Second cycle master study programme Geodesy and Geoinformation. 
• Leica SpiderQC GNSS Data Analysis Software je večnamenski program za analizo 
podatkov GNSS [27], 
• Leica Infinity Survey Software je večnamenski program za vsakodnevno uporabo v 
različnih geodetskih aplikacijah [28], 
• ves dodatni merski pribor (kot so podnožja za antene in stativi), kabli, napajanje in 
računalniki, ki so povezali vse skupaj v celoto, pripravljeno za uspešno beleženje 
podatkov. 
 
P.3.1.2 Lokacija 
Za izbiro primerne lokacije je bilo treba predvsem upoštevati vidljivost satelitov sistema 
BeiDou, saj je edini, ki izmed treh trenutno ne omogoča globalne pokritosti. Za končno lokacijo 
postavitve merske opreme je bilo izbrano mesto Wuhan na Kitajskem. Razlogi za tako 
odločitev so bili: 
• vidljivost BeiDou satelitov je bila za namen te raziskave zadovoljiva samo nad Azijo in 
Pacifikom, 
• glede na dejstvo, da je BeiDou že dosegel polno uporabnost kot RNSS, je geometrija 
satelitov najboljša nad Kitajsko in 
• kitajski distributer proizvodov Leica Geosystems AG, ki je bil pripravljen nuditi opremo 
in IT-podporo za trajanje zbiranja podatkov, ima pisarno v mestu Wuhan. 
Postavitev za zbiranje opazovanj GNSS so sestavljale tri točke: 
• točka WH25 je bila vzpostavljena kot referenčna postaja in zato opremljena z anteno 
Leica AR10 in sprejemnikom Leica GR25, 
• točka WH91 je bila vzpostavljena kot monitoring oziroma rover točka in zato opremljena 
z Leica GMX910 anteno, 
• točka QX91 je imela enako vlogo in opremo kot točka WH91 [29]. 
Leica GR25 sprejemnik in obe Leica GMX910 anteni so bili povezani s programom Leica 
GNSS Spider, ki je bil uporabljen za nastavitev merske opreme in za beleženje opazovanj 
GNSS v datoteke. 
Dolžini baznih vektorjev med referenčno postajo na točki WH25 in obema rover točkama sta 
bili: 
• 51 metrov do točke WH91 in 
• 13 990 metrov do točke QX91. 
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Merska oprema na točkah WH25 in WH91 je bila postavljena na namenski betonski steber in 
nosilec antene, ki ju ima kitajski distributer za Leica Geosystems AG na voljo v neposredni 
bližini pisarne. Druga rover točka je bila zaradi zahteve po daljšem baznem vektorju 
vzpostavljena izven območja pisarne na pohodni strehi naključne stavbe v območju mesta 
Wuhan, kjer je bil omogočen čim boljši 360-stopinjski pogled na odprto nebo. Na izbrani strehi 
žal ni bilo namenskega nosilca za antene, zato so točko vzpostavili s pomočjo stativa. Za 
zagotovitev kar se da dobre dolgotrajne stabilnosti stativa so ga obtežili s kamnom, obešenim 
nanj, stičišča med nogami stativa in streho pa so še dodatno učvrstili s cementom [29]. 
 
P.3.2 Zbiranje in beleženje opazovanj 
Merska oprema je bila postavljena in je zbirala podatke od 13. 6. 2016 do 5. 7. 2016. 
Opazovanja GNSS in podatki s sprejemnika in obeh anten so se prek programa Leica GNSS 
Spider zapisovali v datoteke RINEX (ang. Receiver Independent Exchange format) verzije 3.02 
[30]. Parametri sledenja GNSS in beleženj podatkov na vseh treh točkah so bili sledeči: 
• sledenje: GPS (L1, L2C, L2P, L5), GLONASS (L1, L2C, L2P) in BeiDou (B1, B2) 
• višinski kot: 0° 
• interval registracije: 1 sekunda 
• dolžina datotek: 1 ura 
• beležene datoteke: mešana datoteka z opazovanji GNSS in po sistemih ločene 
navigacijske datoteke 
Zaradi težav z napajanjem nekaterih elementov merske opreme ter pogostih prekinitev 
podatkovne povezave na obeh rover točkah v prvem tednu zbiranja podatkov, so bila 
opazovanja GNSS iz tega tedna neuporabna za zastavljeno raziskavo. Primerni in v raziskavi 
tudi uporabljeni podatki z vseh treh točk so bili tako zajeti med 00:00:00 UTC na dan 
21. 6. 2016 in 01:59:59 UTC na dan 5. 7. 2016. Skupaj je to naneslo za 14 dni in 2 uri oziroma 
338 ur podatkov. V popolni odsotnosti izpadov signala bi bilo teoretično na voljo za obdelavo 
1 216 800 epoh opazovanj GNSS. 
 
P.4 OBDELAVA PODATKOV IN ANALIZA 
P.4.1 Izračun referenčnih koordinat 
Referenčne koordinate vseh treh točk so bile potrebne za izračun določitve položaja v realnem 
času in za analizo rezultatov le-te. Za izračun referenčnih koordinat so bila uporabljena 
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opazovanja GPS frekvenc L1 in L2, saj ima ta GNSS najdaljšo zgodovino obstoja in se smatra 
za najbolj konsistentnega. Opazovanja GPS so bila pred obdelavo prevzorčena iz sekundnega 
intervala registracije v 30-sekundnega, saj je taka gostota opazovanj v razponu 14 dni 
zadostna za izračun dobrih referenčnih koordinat. Poleg tega so bile za izračun namesto s 
satelita oddanih efemerid uporabljene precizne efemeride službe IGS (ang. International 
GNSS Service) [33]. 
 
P.4.1.1 Referenčna točka WH25 
Koordinate referenčne točke WH25 so bile izračunane na podlagi omrežja postaj IGS v okolici. 
Izračun je bil narejen z uporabo izravnave [35] v programu Bernese GNSS Software [34]. V 
omrežju postaj IGS so bile za navezavo izbrane samo postaje, ki so bile dovolj blizu mesta 
Wuhan in so imele koordinate podane tudi v koordinatnem sistemu ITRF2008 (ang. 
International Terrestrial Reference System, epoha 2008) [36]. Referenčna epoha za izračun 
referenčnih koordinat točke WH25 je bila srednja epoha iz časovnega obdobja uporabljenih 
opazovanj GPS. Postaje IGS, uporabljene za izračun referenčnih koordinat, so bile Lhasa 
(LHAZ), Urumqi (URUM), Ulaanbataar – Zuunmod (ULAB), Changchun (CHAN), Beijing 
(BJFS), Daejeon (DAEJ), Aira (AIRA), Tanegashima Island – GUTS SLR Station (GMSD), 
Hsinchu (TNML), Taoyuan (TWTF) in Quezon I (PIMO). Izračunane kartezične referenčne 
koordinate točke WH25 predstavlja preglednica P.1. 
Preglednica P.1: ITRF2008 koordinate točke WH25 v kartezični obliki [35] 
X [m] Y [m] Z [m] 
-2273389,3306 5011335,3596 3213958,8160 
 
P.4.1.2 Rover točki WH91 in QX91 
Referenčne koordinate obeh rover točk WH91 in QX91 so bile izračunane s programom Leica 
Infinity. Koordinate so bile izračunane po postopku DGNSS z navezavo na referenčno točko 
WH25. Za vsako točko so bile za vsak dan opazovanj izračunane svoje koordinate, končne 
referenčne koordinate obeh točk pa so bile izračunane kot povprečje štirinajstih dnevnih 
rešitev. Koordinate so podane v koordinatnem sistemu ITRF2008 in zapisane v kartezični ter 
v obliki UTM (univerzalna transverzalna Mercatorjeva konformna projekcija). Pretvorba iz 
kartezične v obliko UTM je bila narejena v programu Leica Infinity z uporabo severne 
projekcijske cone UTM 50 in 500 000 metrov za premik v smeri e koordinat. Referenčne 
koordinate točke WH91 predstavljata preglednica P.2 in preglednica P.3. 
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Preglednica P.2: ITRF2008 koordinate točke WH91 v kartezični obliki 
X [m] Y [m] Z [m] 
-2273428,3455 5011308,9770 3213978,9676 
 
Preglednica P.3: ITRF2008 koordinate točke WH91 v UTM-obliki 
e [m] n [m] h [m] 
250526,2949 3372084,9882 26,6332 
 
Referenčne koordinate točke QX91 predstavljata preglednica P.4 in preglednica P.5. 
Preglednica P.4: ITRF2008 koordinate točke QX91 v kartezični obliki 
X [m] Y [m] Z [m] 
-2270235,8403 5019731,3139 3203221,0145 
 
Preglednica P.5: ITRF2008 koordinate točke QX91 v UTM-obliki 
e [m] n [m] h [m] 
243851,7924 3359737,4654 64,0670 
 
P.4.2 Izračun določanja položaja v realnem času 
Izračun določanja položaja v realnem času za rover točki WH91 in QX91 ni bil izveden v 
realnem času, temveč naknadno po zaključku zbiranja podatkov. Tak pristop je bil izbran, ker 
je bilo treba za nepristransko primerjavo rezultatov vseh predlaganih kombinacij uporabiti 
identičen set opazovanj GNSS. Na lokacijah zbiranja podatkov v mestu Wuhan niso mogli 
zagotoviti infrastrukture, ki bi omogočila hkratno procesiranje vseh predvidenih kombinacij 
opazovanj dveh frekvenc in sistemov GNSS. Poleg tega je bilo pred začetkom izračunov treba 
preveriti še celovitost in kakovost zbranih opazovanj GNSS. 
Za izvedbo takih testov program Leica GNSS Spider vsebuje funkcijo, ki omogoča branje 
opazovanj GNSS iz datotek RINEX ter ponovno procesiranje le-teh. Ob tem se programski čas 
nastavi nazaj na čas, zapisan v datotekah RINEX, in tako program naknadno izračuna 
rezultate določitve položaja na enak način, kot bi jih izračunal v realnem času. 
Za vsako od naštetih kombinacij opazovanj GNSS: 
i. samo opazovanja GPS, 
ii. samo opazovanja GLONASS, 
iii. samo opazovanja BeiDou, 
iv. kombinacija opazovanj GPS in GLONASS, 
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v. kombinacija opazovanj GPS in BeiDou, 
vi. kombinacija opazovanj GLONASS in BeiDou ter 
vii. kombinacija opazovanj GPS, GLONASS in BeiDou  
ter za obe rover točki WH91 in QX91 je bila določitev položaja v realnem času izračunana z 
uporabo: 
• enofrekvenčnih opazovanj frekvenc GPS L1, GLONASS L1 in BeiDou B1 ter 
• dvofrekvenčnih opazovanj frekvenc GPS L2, GLONASS L2 in BeiDou B2. 
Določitev položaja v realnem času rover točk je bila izračunana z navezavo na eno referenčno 
točko, torej WH25, z uporabo principa DGNSS, če je bilo le mogoče z uporabo tehnike RTK. 
Koordinate rover točk WH91 in QX91 so bile izračunane za vsako epoho opazovanj, kar 
pomeni, da sta bila vsako sekundo izračunana nova položaja obeh točk. Tako izračunani 
položaji so se sproti z dodatnimi podatki, kot sta na primer UTC-čas in indikator kakovosti 
izračunanih koordinat, sočasno zapisovali v tekstovno datoteko. 
 
P.4.3 Analiza koordinat določitve položaja v realnem času 
Analiza tekstovnih datotek s koordinatami in dodatnimi podatki, ki so bile rezultat določitve 
položaja v realnem času, je bila izvedena v programu Leica SpiderQC. Za celovito analizo so 
bile časovne serije koordinat predstavljene in primerjane na različne načine. Ti so bili: 
• izračun in grafični prikaz deležev epoh in izračunanih položajev glede na razpoložljivost 
opazovanj ali glede na kakovost izračunanih koordinat, 
• grafični prikaz časovnih serij n, e in h koordinat, 
• grafični prikaz koordinatnih razlik n, e in h koordinat v obliki histogramov, 
• izračun in grafični prikaz različnih statističnih kazalcev na podlagi časovnih serij n, e in 
h koordinat glede na referenčne ali srednje vrednosti koordinat rover točk WH91 in 
QX91. 
Kot že omenjeno, imajo koordinate določitve položaja v realnem času lahko različno kakovost 
izračunanega položaja. Za najnatančnejšo določanje položaja z uporabo GNSS, kamor spada 
tudi GNSS-monitoring, so uporabne samo koordinate, ki so bile izračunane na podlagi 
uspešno določenih faznih nedoločenosti. Kljub uspešno določenim faznim nedoločenostim 
občasno pogreški še vedno lahko vplivajo na izračun koordinat, kar se nato odrazi v napačno 
določenem položaju. Zato so bile pri analizi upoštevane samo koordinate, izračunane na 
podlagi uspešno določenih faznih nedoločenosti, ki so se nahajale znotraj območja tolerance. 
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Toleranci sta bili nastavljeni: 
• na 5 centimetrov za e in n koordinati ter 
• na 7 centimetrov za h koordinato. 
Za časovno serijo koordinat vsake izvedene kombinacije so bili izračunani trije statistični 
kazalci, ki so bili osnova za končno primerjavo rezultatov. Ti kazalci so bili: 
• Δ kot razlika med referenčno in srednjo vrednostjo koordinat, 
• natančnost kot mera razpršenosti koordinat okoli srednje vrednosti in 
• točnost kot mera razpršenosti koordinat okoli referenčne (prave) vrednosti. 
Natančnost in točnost sta bili izračunani kot standardna deviacija, kjer so bile kot pričakovane 
vrednosti uporabljene srednje oziroma referenčne (prave) vrednosti koordinat. 
 
P.5 REZULTATI IN DISKUSIJA 
Celotni rezultati so predstavljeni in komentirani v glavnem, to je angleškem, delu naloge. V 
slovenskem povzetku sta na kratko opisana glavna kriterija, po katerih se ocenjuje kakovost 
določitve položaja v realnem času, ter so na numeričen in grafičen način podani rezultati dveh 
od skupno štirih opravljenih analiz. Prikazani so: 
• izračun in grafični prikaz deležev izračunanih položajev glede na kakovost izračunanih 
koordinat ter 
• izračun in grafični prikaz različnih statističnih kazalcev na podlagi časovnih serij n, e in 
h koordinat glede na referenčne ali srednje vrednosti koordinat rover točk WH91 in 
QX91. 
 
P.5.1 Razpoložljivost in točnost rezultatov določitve položaja v realnem času 
Kakovost rezultatov določitve položaja v realnem času se za potrebe GNSS-monitoringa 
ocenjuje na podlagi dveh kriterijev. To sta razpoložljivost in točnost rezultatov določitve 
položaja v realnem času. V GNSS-monitoringu razpoložljivost opisuje, kako pogosto so za 
izbrani časovni razpon na voljo položaji, izračunani na podlagi uspešno določenih faznih 
nedoločenosti, v primerjavi s številom epoh, ki bi morale imeti izračunan položaj, v istem 
časovnem razponu. Ta kriterij je pomemben, ker pri GNSS-monitoringu ne želimo zgrešiti 
morebitnega premika točke, zato mora biti razpoložljivost takih položajev kar se da visoka. V 
optimalnem položaju bi imeli tak položaj izračunan za vsako epoho opazovanj, kar pomeni, da 
bi bila razpoložljivost rezultatov 100-odstotna. Manjkajoče epohe meritev ali obdobja, ko fazne 
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nedoločenosti niso uspešno določene, najbolj vplivajo na kriterij razpoložljivosti rezultatov, zato 
so take situacije nezaželene. Kriterij točnosti rezultatov določitve položaja v realnem času pa 
je ključen za razlikovanje med dejanskim premikom točke in navideznim premikom. Navidezni 
premik točke pomeni, da je v novo izračunanih koordinatah moč opaziti veliko razliko glede na 
referenčne koordinate, vendar se razlog za to razliko nahaja v napačnem oziroma z napakami 
obremenjenem izračunu koordinat in ne v fizičnem premiku točke. Razlog za te napake so 
največkrat neuspešno ali slabo določene fazne nedoločenosti opazovanj GNSS, ki imajo torej 
največji vpliv na kriterij točnosti. Kriterij točnosti torej numerično opisuje kakovost rezultatov 
določitve položaja v realnem času. Manj kot so izračunani položaji razpršeni okoli referenčnih 
koordinat točk, višja je točnost določitve položaja v realnem času. 
 
P.5.2 Prikaz deleža položajev z uspešno določenimi faznimi nedoločenostmi glede na 
toleranco 
V sledečih preglednicah in grafikonih je za vsako izmed obravnavanih kombinacij prikazano 
skupno število položajev, izračunanih na podlagi uspešno določenih faznih nedoločenosti. 
Glede na trajanje obdobja zbiranja podatkov bi v najboljšem primeru takih položajev moralo 
biti 1 216 800, vendar zaradi različnih faktorjev to nikoli ni bilo doseženo. Vsak posamezni 
stolpec na grafikonih je razdeljen še v dva dela, ki prikazujeta, koliko položajev je bilo znotraj 
območja tolerance in koliko izven. 
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P.5.2.1 Diskusija o prikazu deleža položajev z uspešno določenimi faznimi 
nedoločenostmi glede na toleranco 
S primerjavo rezultatov o prikazu deleža položajev z uspešno določenimi faznimi 
nedoločenostmi glede na toleranco, podanih v preglednicah P.6, P.7, P.8 in P.9 ter grafikonih 
P.1, P.2, P.3 in P.4, lahko vidimo, da ima uporaba dvofrekvenčnih opazovanj opazen pozitivni 
vpliv samo pri dolgem baznem vektorju, torej točki QX91. Prvi pozitivni učinek je, da malo manj 
izračunanih položajev leži izven območja tolerance. Število položajev znotraj območja 
tolerance se poveča za med 1 % in 5 %. Izjemi k tej trditvi sta uporaba izključno dvofrekvenčnih 
opazovanj GLONASS, kjer je bil porast položajev znotraj tolerance kar okoli 50 %, in uporaba 
izključno dvofrekvenčnih opazovanj BeiDou, kjer je moč opaziti celo padec položajev znotraj 
tolerance za približno 8 %. Drugi pozitivni vpliv uporabe dvofrekvenčnih opazovanj GNSS na 
dolgem baznem vektorju točke QX91 je očiten velik porast skupnega števila položajev, 
izračunanih na podlagi uspešno določenih faznih nedoločenosti. Na dolgem baznem vektorju 
točke WH91 uporaba dvofrekvenčnih opazovanj celo malenkostno poveča število položajev, 
ki padejo izven območja tolerance v primerjavi z enofrekvečnimi opazovanji. Razlika je v 
povprečju manjša od 1 %. Izjema je zopet GLONASS, kjer uporaba dvofrekvenčnih opazovanj 
poveča število opazovanj znotraj tolerance za kar okoli 26 %. Razlog za te rezultate je dejstvo, 
da uporaba dvofrekvenčnih opazovanj GNSS pri dolgih baznih vektorjih pomaga pri lažjem 
modeliranju od razdalje odvisnih napak, saj je v izračun vključenih več nadštevilnih opazovanj, 
kar pomaga pri določanju faznih nedoločenosti. Rahel upad položajev znotraj tolerance na 
krajšem baznem vektorju ob uporabi dvofrekvenčnih opazovanj GNSS v primerjavi z uporabo 
enofrekvenčnih opazovanj bi morda lahko razložili z dejstvom, da so od razdalje odvisne 
napake na krajših baznih vektorjih že dovolj dobro modelirane z uporabo enofrekvenčnih 
opazovanj in uporaba dodatne frekvence prinese v izračun zgolj dodaten šum, ki rahlo 
poslabša rezultate. 
Drugo, kar opazimo na podlagi rezultatov iz tega podpoglavja je, da ima uporaba opazovanj 
več sistemov GNSS hkrati opazen pozitiven vpliv samo na dolgem baznem vektorju točke 
QX91, kjer je kombinacija opazovanj GPS, GLONASS in BeiDou vedno imela najvišjo 
razpoložljivost rezultatov, sledile so ji kombinacije opazovanj dveh sistemov GNSS. Tako 
opaznega porasta razpoložljivosti rezultatov ni moč opaziti na krajšem baznem vektorju točke 
WH91, saj so imele vse kombinacije zelo primerljive rezultate. Tudi v tem primeru uporaba 
opazovanj več sistemov GNSS hkrati poveča nadštevilnost opazovanj v izračunu, kar pomeni 
lažje modeliranje od razdalje odvisnih napak in posledično uspešnejše določanje faznih 
nedoločenosti. 
 
?????????????????????????????????????????? ???????????????????????????????????????????? ????
??????????????????????????????????????????????????????????????????????????????????????????????
?????? ??????????????????????
???????????? ???????????? ?????????? ?????????? ???????????? ????????????????????????????????????
??????????????????????????????????????????????????????????????????????????????????
????????????????? ?????????????????????????????????????????????????????????????????????????????????
?????? ????????????????????????????????????????
????????????????? ???? ???? ???? ????????
????
????
????
????
????
????
????
?????????? ??????? ??????? ??????? ??????? ??????? ??????? ???????
???????? ??????? ??????? ??????? ??????? ??????? ??????? ???????
???????? ?????? ??????? ?????? ??????? ?????? ??????? ???????
???????? ??????? ??????? ??????? ??????? ??????? ??????? ???????
????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
????????????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
????????????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
????????????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
?????????????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
?????????????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
?????????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
?????????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
?????????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
??????????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
??????????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
?
?????????????????????????????????????????????????????????????????????????????????????????????
?
???????????????????????????? ????????????????????????????????
???? ?????????????????????????????????????????? ????????????????????????????????????????????
? ??????????????????????????????????????????????????????????????????????????????????????????????
?
???????????? ???????????? ?????????? ?????????? ???????????? ????????????????????????????????????
??????????????????????????????????????????????????????????????????????????????????
???????????????????????????????????????????????????????????????????????????????????????????????????
?????? ????????????????????????????????????????
????????????????? ???? ???? ???? ????????
????
????
????
????
????
????
????
?????????? ??????? ??????? ??????? ??????? ??????? ??????? ???????
???????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
???????? ?????? ??????? ?????? ?????? ?????? ?????? ??????
???????? ??????? ??????? ?????? ??????? ??????? ?????? ???????
????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
????????????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
????????????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
????????????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
?????????????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
?????????????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
?????????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
?????????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
?????????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
??????????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
??????????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
?
?????????????????????????????????????????????????????????????????????????????????????????????
?
???????????????????????????? ????????????????????????????????
?????????????????????????????????????????? ???????????????????????????????????????????? ????
??????????????????????????????????????????????????????????????????????????????????????????????
?
???????????? ???????????? ?????????? ?????????? ???????????? ???????????? ?? ???????????????????? ??
??????????????????????????????????????????????????????????????????????????????????
????????????????? ?????????????????????????????????????????????????????????????????????????????????
???????????????????????????????????????????????
????????????????? ???? ???? ???? ????????
????
????
????
????
????
????
????
?????????? ??????? ??????? ??????? ??????? ??????? ??????? ???????
???????? ??????? ??????? ??????? ??????? ??????? ??????? ???????
???????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
???????? ??????? ??????? ??????? ??????? ??????? ??????? ???????
????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
????????????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
????????????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
????????????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
?????????????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
?????????????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
?????????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
?????????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
?????????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
??????????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
??????????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
?
?????????????????????????????????????????????????????????????????????????????????????????????
?
?????????????????????????????????????????????????????????????
???? ?????????????????????????????????????????? ????????????????????????????????????????????
? ??????????????????????????????????????????????????????????????????????????????????????????????
?
???????????? ???????????? ?????????? ?????????? ???????????? ???????????? ?? ???????????????????? ??
??????????????????????????????????????????????????????????????????????????????????
???????????????????????????????????????????????????????????????????????????????????????????????????
???????????????????????????????????????????????
????????????????? ???? ???? ???? ????????
????
????
????
????
????
????
????
?????????? ??????? ??????? ??????? ??????? ??????? ??????? ???????
???????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
???????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
???????? ??????? ??????? ??????? ??????? ??????? ??????? ???????
????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
????????????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
????????????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
????????????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
?????????????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
?????????????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
?????????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
?????????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
?????????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
??????????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
??????????????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
?
?????????????????????????????????????????????????????????????????????????????????????????????
?
?????????????????????????????????????????????????????????????
Šoič, G. 2017. Quality Analysis of Real-Time Positioning Results Using Different GNSS. 105 
Master Th. Ljubljana, UL FGG, Second cycle master study programme Geodesy and Geoinformation. 
P.5.3.1 Diskusija o statističnih rezultatih 
Ob primerjavi grafikonov P.5, P.6, P.7 in P.8 s prikazom točnosti, ki je pri GNSS-monitoringu 
eden od dveh kriterijev kakovosti rezultatov, vidimo, da pri določitvi položaja v realnem času 
daljši bazni vektorji ali uporaba enofrekvenčnih opazovanj GNSS zagotavljajo slabše rezultate 
kot krajši bazni vektorji ali uporaba dvofrekvenčnih opazovanj GNSS. Izjema k tej trditvi so 
morda točnosti različnih kombinacij na daljšem baznem vektorju točke QX91. Uporaba zgolj 
enofrekvenčnih opazovanj presenetljivo vrne boljše rezultate kot uporaba dvofrekvenčnih 
opazovanj, vendar je ta razlika zgolj 1 ali 2 milimetra. Za tak rezultat sta morda dva razloga. 
Prvič, uporaba dvofrekvenčnih opazovanj omogoča izračun več položajev na podlagi uspešno 
določenih faznih nedoločenosti in več teh položajev se tudi nahaja znotraj območja tolerance. 
To pomeni, da mnogo višje število položajev, uporabljenih za izračun točnosti, rezultira v rahlo 
večji končni razpršenosti koordinat in posledično rahlo slabših indikatorjih točnosti. Drugi 
razlog pa je morda dejstvo, da frekvenca L2 (oziroma B2) vsebuje več šuma kot frekvenca L1 
(oziroma B1), torej je morda na daljših baznih vektorjih težje modelirati od razdalje odvisne 
napake na frekvenci L2 (oziroma B2) kot pa na frekvenci L1 (oziroma B1). Vendar pa ne 
smemo pozabiti na dejstvo, da uporaba dvofrekvenčnih opazovanj na dolgih baznih vektorjih 
občutno poveča število položajev, izračunanih na podlagi uspešno določenih faznih 
nedoločenosti, kar poveča razpoložljivost rezultatov. To pomeni, da je uporaba dvofrekvenčnih 
opazovanj kljub minimalno slabši točnosti rezultatov še vedno smiselna. 
Primerjava točnosti med višinsko komponento in horizontalnim položajem pokaže, da pri 
določitvi položaja v realnem času višina ni nikoli tako dobro določena kot horizontalni položaj. 
Razlika v točnosti med horizontalnim položajem in višino je na kratkem baznem vektorju točke 
WH91 v povprečju med 1 in 3 milimetri, na dolgem baznem vektorju točke QX91 pa v povprečju 
okoli 10 milimetrov. V povezavi z različnimi kombinacijami opazovanj GNSS uporaba samo 
opazovanj GLONASS ali samo opazovanj BeiDou vrneta najslabše točnosti položajev. Te so 
na kratkem baznem vektorju okoli 10 milimetrov za horizontalni položaj ter med 10 in 
20 milimetri za višino. Za dolgi bazni vektor pa okoli 22 milimetrov za horizontalni položaj in 
približno 34 milimetrov za višino. Uporaba samo opazovanj GPS in kombinaciji opazovanj GPS 
in GLONASS ter opazovanj GPS in BeiDou imajo na kratkem baznem vektorju v primeru 
uporabe eno- in dvofrekvenčnih opazovanj točnosti med 6 in 7 milimetri za horizontalni položaj 
ter med 6 in 8 milimetri za višino. Na dolgem baznem vektorju pa se ponovno za eno- in 
dvofrekvenčna opazovanja točnosti gibljejo med 17 in 22 milimetri za horizontalni položaj ter 
med 29 in 31 milimetri za višino. Uporaba kombinacije opazovanj GLONASS in BeiDou pa 
glede na točnost pade med primera uporabe samo opazovanj GLONASS oziroma samo 
opazovanj BeiDou in med vse ostale primere, ki vsebujejo opazovanja GPS. Najboljšo točnost 
položajev seveda dosežemo, ko uporabimo opazovanja GNSS vseh treh sistemov skupaj, 
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vendar pa se vrednosti točnosti v primerjavi s primeri, ki vsebujejo opazovanja GPS, izboljšajo 
zgolj za povprečno 1 milimeter. 
 
P.6 ZAKLJUČKI 
Na podlagi rezultatov in diskusije o njih lahko ovrednotimo uvodoma postavljene raziskovalne 
hipoteze: 
I. Analiza je pokazala, da krajši bazni vektorji omogočajo višjo razpoložljivost in bolj točne 
rezultate določitve položaja v realnem času kot daljši bazni vektorji, torej to hipotezo 
potrdimo. 
II. Uporaba dvofrekvenčnih opazovanj GNSS je omogočila višjo razpoložljivost rezultatov 
določitve položaja v realnem času kot uporaba enofrekvenčnih opazovanj GNSS, torej 
ta del hipoteze potrdimo. Uporaba dvofrekvenčnih opazovanj GNSS pa je omogočila 
bolj točne rezultate določitve položaja v realnem času kot uporaba enofrekvenčnih 
opazovanj GNSS le za točko WH91, ne pa tudi za točko QX91, torej ta del hipoteze 
samo delno potrdimo. 
III. V splošnem so se rezultati določitve položaja v realnem času izboljšali v smislu točnosti 
z večanjem števila različnih sistemov GNSS, uporabljenih za določitev položaja, vendar 
pa je kombinacija opazovanj GLONASS in opazovanj BeiDou imela slabše rezultate v 
smislu točnosti kot samostojna uporaba opazovanj GPS. Torej to hipotezo samo delno 
potrdimo. 
IV. Vsi rezultati so pokazali, da je horizontalni (2D) položaj določen bolj točno kot višina pri 
določitvi položaja z GNSS, torej to hipotezo potrdimo. 
Na podlagi opravljenih analiz je moč trditi, da ima uporaba več frekvenc in več sistemov GNSS 
pri določitvi položaja v realnem času na splošno in za potrebe GNSS-monitoringa vedno 
pozitiven vpliv na rezultate. Vendar vseeno obstaja nekaj izjem k tej trditvi. Manjša izjema so 
kratki bazni vektorji, pri katerih uporaba enofrekvečnih opazovanj zagotavlja dovolj dobre 
rezultate za različne naloge monitoringa in dodajanje druge frekvence v izračun ne doprinese 
zadostne izboljšave rezultatov, da bi lahko upravičili višjo ceno dvofrekvenčnih sprejemnikov. 
Vendar pa bi bilo treba za določitev numerične meje med tem, kaj obravnavamo kot kratek in 
kaj kot dolgi bazni vektor, opraviti dodatne teste. Druga izjema je dejstvo, da kombinacija 
opazovanj GLONASS in opazovanj BeiDou ne omogoča posebno dobrih rezultatov, vendar je 
vseeno boljša kot uporaba obeh sistemov ločeno. Pri zadnji izjemi velja izpostaviti, da je GPS 
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zelo uporaben kot samostojen sistem, saj so bili ti rezultati zelo primerljivi z rezultati uporabe 
vseh treh sistemov GNSS skupaj. Najboljša kombinacija za GNSS-monitoring v smislu 
razpoložljivosti in točnosti rezultatov je seveda uporaba vseh treh sistemov skupaj, saj je ta 
kombinacija omogočala izračun največ položajev na podlagi uspešno določenih faznih 
nedoločenosti. Najmanj teh položajev je bilo izven območja tolerance in statistični kazalci so 
imeli najnižje vrednosti, kar pomeni, da so bile koordinate najmanj razpršene. Čeprav so bile 
numerične razlike do drugih dveh najboljših primerov s kombinirano uporabo opazovanj GPS 
in opazovanj GLONASS ter opazovanj GPS in opazovanj BeiDou razmeroma majhne, je treba 
upoštevati tudi druge prednosti uporabe merske opreme, ki omogoča opazovanja več frekvenc 
in več sistemov GNSS. Sprejemniki s tako možnostjo omogočajo višjo nadštevilnost opazovanj 
GNSS, kar bi moralo koristiti pri določanju faznih nedoločenosti in modeliranju od razdalje 
odvisnih napak na daljših baznih vektorjih. Slednje bi posledično moralo izboljšati tudi 
razpoložljivost in točnosti rezultatov določitve položaja v realnem času. Pri nalogah 
GNSS-monitoringa v realnem času, kjer topografija v okolici nadzorovanega objekta zmanjšuje 
vidljivost neba, je uporaba sprejemnikov, ki omogočajo sprejem več frekvenc in več sistemov 
GNSS, lahko ključna za pridobitev RTK položaja. 
Rezultati analize dokazujejo, da je uporaba sistemov GNSS zelo primerna za naloge stalno 
potekajočega monitoringa. Na podlagi velikosti pričakovanih premikov, ki bi jih bilo treba 
zaznati, ter topografije nadzorovanega objekta z okolico je pred namestitvijo sistema za 
GNSS-monitoring treba premisliti, kako dolgi bazni vektorji in kakšna kombinacija merske 
opreme bodo omogočili pridobitev želenih rezultatov. 
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APPENDIX A.1: Explanation of Labels in Tables of Full Statistical Results 
Label or Part of Label Explanation 
NumFixes Total number of positions with fixed ambiguities for a given set of positions 
%Fixes Percentage of positions with fixed ambiguities in proportion to the total number of positions for a given set of positions 
NumOutOfTolerance Total number of positions with fixed ambiguities, which are out of pre-set tolerance values, for a given set of positions 
%OutOfTolerance 
Percentage of positions with fixed ambiguities, which are out of 
pre-set tolerance values, in proportion to total number of 
positions with fixed ambiguities for a given set of positions 
NumOutOfToleranceOverall Total number of all computed positions, which are out of pre-set tolerance values, for a given set of positions 
%OutOfToleranceOverall 
Percentage of all computed positions, which are out of pre-set 
tolerance values, in proportion to total number of all computed 
positions for a given set of positions 
AvSatellites Average number of satellites used for computing coordinates for a given set of positions 
East This value refers to easting coordinate 
North This value refers to northing coordinate 
Height This value refers to height coordinate 
2D This value refers to 2D position 
3D This value refers to 3D position 
BT Below Tolerance → This value was computed using only positions with fixed ambiguities within pre-set tolerance values 
Fix_Overall This value was computed using all positions with fixed ambiguities 
Delta Difference between reference and mean value of coordinates 
Precision Measure of dispersion of coordinates around the mean value 
Accuracy Measure of dispersion of coordinates around the reference value 
MaxError 
Maximum difference between computed coordinate and 
reference value with respect to all positions with fixed 
ambiguities for a given set of positions 
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APPENDIX A.2: Full Statistical Results of Point WH91 at Single-frequency 
GNSS Combination GPS GLO BDS 
GPS 
GLO 
GPS 
BDS 
GLO 
BDS 
GPS 
GLO 
BDS 
Frequency Single Single Single Single Single Single Single 
NumFixes 1190473 1056856 1089135 1191038 1190461 1185357 1191065 
%Fixes 99.95 90.19 91.45 100.00 99.95 99.52 100.00 
NumOutOfTolerance 163 295180 14363 2152 0 12659 81 
%OutOfTolerance 0.01 27.93 1.32 0.18 0.00 1.07 0.01 
NumOutOfToleranceOverall 544 409191 115518 2153 414 16688 81 
%OutOfToleranceOverall 0.05 34.92 9.70 0.18 0.03 1.40 0.01 
AvSatellites 8.69 5.97 13.02 15.01 17.87 15.54 24.22 
DeltaEastBT -0.005 -0.006 -0.004 -0.005 -0.005 -0.006 -0.005 
DeltaNorthBT 0.000 -0.002 0.001 -0.001 0.000 -0.001 -0.001 
DeltaHeightBT -0.004 -0.003 -0.005 -0.004 -0.004 -0.003 -0.004 
Delta2DBT 0.005 0.007 0.005 0.005 0.005 0.006 0.005 
Delta3DBT 0.006 0.007 0.007 0.007 0.006 0.006 0.006 
PrecisionEastBT 0.003 0.005 0.007 0.003 0.003 0.005 0.003 
PrecisionNorthBT 0.003 0.004 0.007 0.003 0.003 0.003 0.003 
PrecisionHeightBT 0.007 0.013 0.021 0.006 0.006 0.010 0.006 
Precision2DBT 0.004 0.006 0.010 0.004 0.004 0.006 0.004 
Precision3DBT 0.008 0.014 0.024 0.008 0.007 0.011 0.007 
AccuracyEastBT 0.006 0.008 0.008 0.006 0.006 0.007 0.006 
AccuracyNorthBT 0.003 0.004 0.007 0.003 0.003 0.003 0.003 
AccuracyHeightBT 0.008 0.013 0.022 0.008 0.008 0.010 0.007 
Accuracy2DBT 0.007 0.009 0.011 0.007 0.006 0.008 0.006 
Accuracy3DBT 0.011 0.016 0.024 0.010 0.010 0.013 0.010 
DeltaEastFix_Overall -0.005 -0.025 -0.006 -0.005 -0.005 -0.006 -0.005 
DeltaNorthFix_Overall 0.000 -0.024 0.004 -0.001 0.000 -0.001 -0.001 
DeltaHeightFix_Overall -0.004 -0.035 -0.013 -0.004 -0.004 -0.002 -0.004 
Delta2DFix_Overall 0.005 0.035 0.008 0.005 0.005 0.006 0.005 
Delta3DFix_Overall 0.006 0.049 0.015 0.006 0.006 0.006 0.006 
PrecisionEastFix_Overall 0.003 0.144 0.060 0.006 0.003 0.012 0.003 
PrecisionNorthFix_Overall 0.008 0.108 0.065 0.009 0.003 0.007 0.003 
PrecisionHeightFix_Overall 0.008 0.227 0.172 0.018 0.006 0.024 0.007 
Precision2DFix_Overall 0.009 0.180 0.089 0.011 0.004 0.014 0.004 
Precision3DFix_Overall 0.012 0.290 0.193 0.021 0.007 0.027 0.008 
AccuracyEastFix_Overall 0.006 0.147 0.060 0.008 0.006 0.013 0.006 
AccuracyNorthFix_Overall 0.008 0.111 0.065 0.009 0.003 0.007 0.003 
AccuracyHeightFix_Overall 0.009 0.229 0.172 0.018 0.008 0.024 0.008 
Accuracy2DFix_Overall 0.010 0.184 0.089 0.012 0.006 0.015 0.006 
Accuracy3DFix_Overall 0.014 0.294 0.194 0.022 0.010 0.028 0.010 
MaxErrorEast 0.083 -0.960 -1.409 0.372 -0.019 -0.463 0.060 
MaxErrorNorth -0.739 -0.795 1.933 -0.455 -0.015 -0.142 0.240 
MaxErrorHeight 0.468 -4.940 -5.292 0.786 -0.041 1.144 -0.717 
MaxError2D 0.743 1.247 2.392 0.587 0.024 0.485 0.247 
MaxError3D 0.878 5.095 5.807 0.981 0.048 1.242 0.759 
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APPENDIX A.3: Full Statistical Results of Point WH91 at Dual-frequency 
GNSS Combination GPS GLO BDS 
GPS 
GLO 
GPS 
BDS 
GLO 
BDS 
GPS 
GLO 
BDS 
Frequency Dual Dual Dual Dual Dual Dual Dual 
NumFixes 1187122 1148233 1190717 1188944 1190863 1182123 1190347 
%Fixes 99.67 98.57 99.97 99.82 99.98 99.25 99.94 
NumOutOfTolerance 0 21840 1244 4024 0 9876 2805 
%OutOfTolerance 0.00 1.90 0.10 0.34 0.00 0.84 0.24 
NumOutOfToleranceOverall 23 37326 1334 4628 20 17982 2820 
%OutOfToleranceOverall 0.00 3.20 0.11 0.39 0.00 1.51 0.24 
AvSatellites 8.69 6.42 12.96 15.02 17.88 15.57 24.19 
DeltaEastBT 0.001 0.001 0.001 0.001 0.001 0.000 0.001 
DeltaNorthBT 0.000 -0.001 0.002 0.000 0.001 0.000 0.000 
DeltaHeightBT -0.001 -0.001 0.001 -0.001 -0.001 0.002 -0.001 
Delta2DBT 0.002 0.001 0.002 0.001 0.002 0.001 0.001 
Delta3DBT 0.002 0.002 0.002 0.002 0.002 0.002 0.001 
PrecisionEastBT 0.003 0.004 0.007 0.003 0.003 0.004 0.003 
PrecisionNorthBT 0.003 0.003 0.006 0.003 0.003 0.003 0.002 
PrecisionHeightBT 0.007 0.011 0.019 0.006 0.006 0.008 0.005 
Precision2DBT 0.004 0.005 0.009 0.004 0.004 0.005 0.004 
Precision3DBT 0.008 0.013 0.021 0.007 0.007 0.010 0.006 
AccuracyEastBT 0.003 0.004 0.007 0.003 0.003 0.004 0.003 
AccuracyNorthBT 0.003 0.004 0.006 0.003 0.003 0.003 0.002 
AccuracyHeightBT 0.007 0.011 0.019 0.006 0.006 0.009 0.005 
Accuracy2DBT 0.004 0.006 0.009 0.004 0.004 0.005 0.004 
Accuracy3DBT 0.008 0.013 0.021 0.007 0.007 0.010 0.007 
DeltaEastFix_Overall 0.001 0.002 0.001 0.001 0.001 0.001 0.001 
DeltaNorthFix_Overall 0.000 -0.003 0.002 0.000 0.001 -0.001 0.000 
DeltaHeightFix_Overall -0.001 0.007 0.001 0.000 -0.001 0.001 0.000 
Delta2DFix_Overall 0.002 0.004 0.002 0.001 0.002 0.001 0.001 
Delta3DFix_Overall 0.002 0.007 0.002 0.001 0.002 0.001 0.001 
PrecisionEastFix_Overall 0.003 0.043 0.007 0.005 0.003 0.057 0.004 
PrecisionNorthFix_Overall 0.003 0.032 0.006 0.007 0.003 0.021 0.005 
PrecisionHeightFix_Overall 0.007 0.183 0.019 0.027 0.006 0.080 0.018 
Precision2DFix_Overall 0.004 0.054 0.009 0.008 0.004 0.060 0.007 
Precision3DFix_Overall 0.008 0.191 0.021 0.029 0.007 0.100 0.020 
AccuracyEastFix_Overall 0.003 0.044 0.007 0.005 0.003 0.057 0.004 
AccuracyNorthFix_Overall 0.003 0.032 0.006 0.007 0.003 0.021 0.005 
AccuracyHeightFix_Overall 0.007 0.183 0.019 0.027 0.006 0.080 0.018 
Accuracy2DFix_Overall 0.004 0.054 0.009 0.008 0.004 0.060 0.007 
Accuracy3DFix_Overall 0.008 0.191 0.021 0.029 0.007 0.100 0.020 
MaxErrorEast 0.019 -1.233 0.049 0.365 0.016 1.730 -0.109 
MaxErrorNorth 0.020 -1.756 0.045 -0.440 0.015 -0.809 -0.195 
MaxErrorHeight -0.037 15.959 0.131 0.703 0.047 -2.801 0.613 
MaxError2D 0.027 2.146 0.066 0.572 0.022 1.910 0.224 
MaxError3D 0.046 16.103 0.147 0.906 0.052 3.390 0.652 
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APPENDIX A.4: Full Statistical Results of Point QX91 at Single-frequency 
GNSS Combination GPS GLO BDS 
GPS 
GLO 
GPS 
BDS 
GLO 
BDS 
GPS 
GLO 
BDS 
Frequency Single Single Single Single Single Single Single 
NumFixes 955430 898437 552122 1004043 985074 866915 1080952 
%Fixes 81.31 79.42 46.99 86.28 83.83 74.08 92.00 
NumOutOfTolerance 234334 711715 189169 136895 136728 185233 117858 
%OutOfTolerance 24.53 79.22 34.26 13.63 13.88 21.37 10.90 
NumOutOfToleranceOverall 451880 943863 809826 294423 324397 487728 210469 
%OutOfToleranceOverall 38.46 83.44 68.93 25.30 27.61 41.68 17.91 
AvSatellites 8.13 5.33 12.41 14.07 16.78 14.70 23.01 
DeltaEastBT -0.005 -0.005 -0.003 -0.005 -0.005 -0.005 -0.005 
DeltaNorthBT 0.005 0.008 0.005 0.005 0.004 0.006 0.005 
DeltaHeightBT -0.012 -0.011 -0.007 -0.012 -0.012 -0.009 -0.012 
Delta2DBT 0.007 0.009 0.005 0.007 0.006 0.008 0.007 
Delta3DBT 0.013 0.014 0.009 0.014 0.014 0.012 0.014 
PrecisionEastBT 0.010 0.014 0.014 0.009 0.010 0.012 0.009 
PrecisionNorthBT 0.014 0.014 0.014 0.013 0.013 0.012 0.013 
PrecisionHeightBT 0.027 0.030 0.034 0.026 0.026 0.027 0.026 
Precision2DBT 0.017 0.019 0.020 0.016 0.016 0.017 0.016 
Precision3DBT 0.031 0.036 0.039 0.031 0.031 0.032 0.030 
AccuracyEastBT 0.011 0.015 0.014 0.011 0.011 0.013 0.011 
AccuracyNorthBT 0.014 0.016 0.015 0.014 0.013 0.014 0.013 
AccuracyHeightBT 0.029 0.032 0.035 0.029 0.029 0.029 0.029 
Accuracy2DBT 0.018 0.021 0.020 0.018 0.017 0.019 0.017 
Accuracy3DBT 0.034 0.039 0.040 0.034 0.034 0.034 0.033 
DeltaEastFix_Overall -0.012 -0.157 -0.027 -0.013 -0.005 -0.005 -0.008 
DeltaNorthFix_Overall 0.019 0.220 0.012 0.006 0.008 0.013 0.008 
DeltaHeightFix_Overall -0.030 -0.612 -0.015 -0.016 -0.016 -0.045 -0.015 
Delta2DFix_Overall 0.023 0.270 0.030 0.015 0.010 0.014 0.011 
Delta3DFix_Overall 0.038 0.669 0.033 0.022 0.019 0.048 0.018 
PrecisionEastFix_Overall 0.428 2.159 0.183 0.179 0.196 0.659 0.178 
PrecisionNorthFix_Overall 0.381 3.239 0.123 0.165 0.153 0.171 0.142 
PrecisionHeightFix_Overall 0.539 9.136 0.275 0.247 0.235 2.308 0.208 
Precision2DFix_Overall 0.573 3.892 0.221 0.243 0.249 0.681 0.228 
Precision3DFix_Overall 0.787 9.931 0.352 0.347 0.342 2.406 0.308 
AccuracyEastFix_Overall 0.429 2.164 0.185 0.179 0.196 0.659 0.178 
AccuracyNorthFix_Overall 0.381 3.246 0.124 0.165 0.154 0.172 0.142 
AccuracyHeightFix_Overall 0.540 9.157 0.275 0.247 0.235 2.308 0.209 
Accuracy2DFix_Overall 0.574 3.902 0.223 0.244 0.249 0.681 0.228 
Accuracy3DFix_Overall 0.788 9.953 0.354 0.347 0.343 2.407 0.309 
MaxErrorEast -30.427 -46.073 -2.360 -29.836 -29.812 -67.937 -29.812 
MaxErrorNorth 27.511 86.186 1.725 27.501 27.501 16.373 27.501 
MaxErrorHeight -37.866 -261.874 -3.978 -37.866 -37.866 -343.137 -37.866 
MaxError2D 41.020 97.728 2.923 40.577 40.559 69.883 40.559 
MaxError3D 55.826 279.516 4.937 55.501 55.488 350.181 55.488 
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APPENDIX A.5: Full Statistical Results of Point QX91 at Dual-frequency 
GNSS Combination GPS GLO BDS 
GPS 
GLO 
GPS 
BDS 
GLO 
BDS 
GPS 
GLO 
BDS 
Frequency Dual Dual Dual Dual Dual Dual Dual 
NumFixes 1163389 1026599 1161206 1152732 1167379 1149152 1161545 
%Fixes 99.01 91.75 98.84 98.77 99.35 98.26 98.85 
NumOutOfTolerance 188409 295400 488431 140870 162102 212756 127527 
%OutOfTolerance 16.19 28.77 42.06 12.22 13.89 18.51 10.98 
NumOutOfToleranceOverall 198543 376741 501040 153511 167346 232011 138861 
%OutOfToleranceOverall 16.90 33.67 42.65 13.15 14.24 19.84 11.82 
AvSatellites 8.59 6.18 12.76 14.62 17.63 15.30 23.67 
DeltaEastBT 0.002 0.000 0.003 0.001 0.002 0.001 0.001 
DeltaNorthBT 0.001 0.002 0.002 0.001 0.001 0.001 0.001 
DeltaHeightBT -0.008 -0.004 -0.004 -0.008 -0.008 -0.005 -0.008 
Delta2DBT 0.002 0.002 0.004 0.002 0.002 0.002 0.002 
Delta3DBT 0.008 0.004 0.005 0.008 0.008 0.005 0.008 
PrecisionEastBT 0.013 0.016 0.017 0.012 0.013 0.015 0.012 
PrecisionNorthBT 0.017 0.017 0.017 0.016 0.016 0.015 0.015 
PrecisionHeightBT 0.030 0.033 0.036 0.029 0.029 0.031 0.029 
Precision2DBT 0.022 0.023 0.024 0.020 0.020 0.021 0.019 
Precision3DBT 0.037 0.040 0.043 0.035 0.036 0.038 0.034 
AccuracyEastBT 0.013 0.016 0.017 0.012 0.013 0.015 0.012 
AccuracyNorthBT 0.017 0.017 0.017 0.016 0.016 0.015 0.015 
AccuracyHeightBT 0.031 0.033 0.036 0.030 0.030 0.032 0.030 
Accuracy2DBT 0.022 0.023 0.024 0.020 0.020 0.021 0.019 
Accuracy3DBT 0.038 0.040 0.043 0.036 0.037 0.038 0.035 
DeltaEastFix_Overall 0.002 0.353 0.000 -0.049 0.002 0.002 0.001 
DeltaNorthFix_Overall 0.001 -0.146 0.001 0.079 0.001 0.002 0.000 
DeltaHeightFix_Overall -0.012 -0.056 -0.022 -0.120 -0.013 -0.022 -0.011 
Delta2DFix_Overall 0.002 0.382 0.001 0.093 0.002 0.003 0.001 
Delta3DFix_Overall 0.012 0.386 0.022 0.152 0.013 0.022 0.011 
PrecisionEastFix_Overall 0.020 8.828 0.078 1.610 0.019 0.393 0.017 
PrecisionNorthFix_Overall 0.029 5.734 0.065 2.517 0.026 0.100 0.021 
PrecisionHeightFix_Overall 0.061 3.904 0.157 3.437 0.062 2.002 0.053 
Precision2DFix_Overall 0.035 10.527 0.101 2.987 0.032 0.406 0.027 
Precision3DFix_Overall 0.070 11.227 0.187 4.554 0.070 2.042 0.060 
AccuracyEastFix_Overall 0.020 8.835 0.078 1.610 0.019 0.393 0.017 
AccuracyNorthFix_Overall 0.029 5.736 0.065 2.518 0.026 0.100 0.021 
AccuracyHeightFix_Overall 0.062 3.905 0.159 3.439 0.064 2.002 0.054 
Accuracy2DFix_Overall 0.035 10.534 0.101 2.989 0.032 0.406 0.027 
Accuracy3DFix_Overall 0.071 11.234 0.188 4.556 0.071 2.042 0.061 
MaxErrorEast -0.454 540.791 -4.168 -65.761 -0.490 65.940 -0.501 
MaxErrorNorth 0.663 -356.732 1.966 96.015 -1.088 -19.331 -0.727 
MaxErrorHeight -1.114 -132.526 -9.204 -125.681 -1.443 -343.089 2.136 
MaxError2D 0.804 647.852 4.608 116.376 1.194 68.715 0.883 
MaxError3D 1.374 661.268 10.293 171.287 1.873 349.903 2.311 
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